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Abstract ix

HicH-REPETITION-RATE ELECTRO-OPTIC DIAGNOSTICS FOR ACCELERATOR-BASED LI1GHT
SoURCES : BROADBAND AND NARROWBAND THZ CHARACTERIZATION

Abstract

Accelerator-based light sources are indispensable research tools, delivering intense,
short light pulses ranging from the infrared to X-ray spectral regions. The routine
operation and investigation of these sources relies on the real-time characterization
of relativistic electron bunches and the resulting photon beams. To address this, the
objective of this thesis is the development of detection setups that deliver sub-picosecond
temporal resolution at MHz repetition rates, capable of characterizing in single-shot
both broadband and narrowband THz signals.

For broadband THz characterization, although Diversity Electro-Optic Sampling (DEOS)
combined with the use of a THz reconstruction algorithm, has improved temporal res-
olution, existing reconstruction algorithms based on linear dispersion models remain
unreliable due to non-linear dispersion in chirped probe pulses. This work introduces
a novel Self-Adaptive Dispersion (SAD) algorithm for DEOS. This generalized frame-
work transcends previous linear-time-invariant assumptions, providing a high-fidelity
reconstruction solution for any arbitrary dispersion profile while simultaneously charac-
terizing the complex amplitude (amplitude, phase, and dispersion) of the chirped probe
laser. The DEOS-SAD system was successfully implemented at the European XFEL and
FLASH facilities enabling routine, single-shot MHz-rate longitudinal electron bunch
characterization.

For narrowband THz characterization, capturing complete multicycle waveforms in high-
repetition-rate environments typically requires prohibitively high electronic bandwidths.
This thesis proposes and demonstrates a novel electro-optic approach combining all-
optical heterodyning with the Photonic Time-Stretch technique. By down-converting
THz signals to an intermediate frequency and applying temporal stretching, this method
records complete multicycle electric fields while preserving signal integrity. A proof-of-
principle demonstration was conducted at the FELBE facility, where a 3.44 THz signal
was successfully down-converted to 1.72 GHz, directly enabling the single-shot diagnosis
of carrier-envelope phase (CEP) drift using lower electronic readout bandwidths.

By integrating these innovations, this thesis advances the state of the art in THz diag-
nostics, providing new possibilities for the real-time monitoring of high-repetition-rate
accelerator-based light sources.

Keywords: accelerator, photonic, ultrafast measurement, free electron laser
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D1AGNOSTICS ELECTRO-OPTIQUES A HAUT TAUX DE REPETITION POUR LES SOURCES DE LUMIERE
BASEES SUR DES ACCELERATEURS : CARACTERISATION THZ A LARGE BANDE ET A BANDE ETROITE

Résumé

Les sources de lumiere basées sur des accélérateurs sont des outils de recherche indispen-
sables, délivrant des impulsions lumineuses intenses et breves allant de I'infrarouge aux
rayons X. L'opération courante et ’étude de ces sources reposent sur la caractérisation en
temps réel des paquets d’électrons relativistes et du faisceau de photons qui en résulte.
Pour répondre a ce besoin, l'objectif de cette these est le développement de dispositifs
de détection offrant une résolution temporelle sub-picoseconde a des taux de répétition
de l'ordre du MHz, capables de caractériser en monocoup des signaux térahertz (THz) a
la fois a large bande et a bande étroite.

Pour la caractérisation THz a large bande, bien que I’échantillonnage électro-optique
de diversité (DEOS) combiné a un algorithme de reconstruction ait amélioré la résolu-
tion temporelle, les algorithmes existants basés sur des modeles de dispersion linéaire
restent peu fiables en raison de la dispersion non linéaire des impulsions de sonde
étirées. Ce travail introduit un nouvel algorithme de dispersion auto-adaptative (SAD)
pour le DEOS. Ce cadre généralisé dépasse les hypotheses précédentes d’invariance
temporelle linéaire, fournissant une solution de reconstruction fidéle pour n'importe
quel profil de dispersion arbitraire, tout en caractérisant simultanément I"'amplitude
complexe (amplitude, phase et dispersion) du laser de sonde. Le systeme DEOS-SAD a
été implémenté avec succes sur les installations European XFEL et FLASH, permettant
une caractérisation monocoup longitudinale des paquets d’électrons a des taux MHz.
Concernant la caractérisation THz a bande étroite, la capture de formes d’onde multi-
cycles completes dans des environnements a haut taux de répétition nécessite générale-
ment des bandes passantes électroniques prohibitives. Cette thése propose et démontre
une nouvelle approche électro-optique combinant I’hétérodynage tout-optique avec la
technique d’étirement temporel photonique (Photonic Time-Stretch). En convertissant
les signaux THz vers une fréquence intermédiaire et en appliquant un étirement tem-
porel, cette méthode enregistre des champs électriques multicycles complets tout en
préservant l'intégrité du signal. Une démonstration de principe a été réalisée a 'ins-
tallation FELBE, ou un signal de 3,44 THz a été converti avec succes en un signal de
1,72 GHz, permettant directement le diagnostic monocoup de la dérive de la phase
enveloppe-porteuse (CEP) avec une bande passante électronique réduite.

En intégrant ces innovations, cette these fait progresser 1’état de l’art des diagnostics
THz, offrant de nouvelles possibilités pour la surveillance en temps réel des sources de
lumiere de nouvelle génération.

Mots clés : accélérateur, photonique, mesure ultra-rapide, laser a électrons libres
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General Introduction

The most exciting phrase to hear in
science, the one that heralds new
discoveries, is not "Eureka!” but
"That’s funny...

—Isaac Asimov

Accelerator-based light sources are indispensable research tools. They deliver
intense, short light pulses ranging from the infrared to X-ray spectral regions [1-
4], making them essential for major scientific breakthroughs across various
disciplines [5]. The continuous effort to develop and optimize these light sources
relies on the control and real-time characterization of the relativistic electron
bunches and the resulting photon beam [6-9]. To address the need for the
characterization of both the electron bunches and the associated light, this
thesis is dedicated to the single-shot measurement of terahertz (THz) electric
fields!. Measuring these THz fields from the electron bunch’s Coulomb field
or the THz light radiation from the accelerator provides direct insight into the
stability and quality of the generated photon beam [10, 11]. Therefore, the
overarching objective of this thesis is to develop single-shot detection setups
that meet the requirements for accelerator diagnostics. These tools aim to
deliver sub-picosecond temporal resolution at MHz repetition rates, enabling
the characterization of both broadband and narrowband THz signals.

To achieve single-shot recording of THz signals at MHz rates, diagnostics
evolved from the conventional Electro-Optic Sampling (EOS) method [12-15],
which relies on a femtosecond probe pulse to scan the THz field temporally
within an electro-optic crystal. One approach to transition from EOS to single-
shot measurement was enabled by employing a chirped probe pulse, a technique
that establishes a direct temporal-to-wavelength mapping. This innovation led
to two main MHz-rate compatible methods: Electro-Optic Spectral Decoding
(EOSD) [10, 16] and Photonic Time-Stretch (PTS) [17]. While these techniques
enabled single-shot, MHz-rate acquisition, they were inherently limited in tem-
poral resolution for decades. This bottleneck was overcome by implementing
the Diversity Electro-Optic Sampling (DEOS) configuration [18], which yields a
dual-output containing diversity and complementary information. These out-
puts are then combined with a reconstruction algorithm to retrieve the THz field
waveform. Using the DEOS method with a reconstruction algorithm, the tempo-
ral resolution is now solely limited by the hardware’s inherent bandwidth (i.e,

'While the immediate application of this thesis is accelerator diagnostics, the single-shot
technique developed herein offers a versatile tool for measuring any THz electric field.

XX1



xxii General Introduction

the laser’s Fourier-limited duration and the electro-optic crystal’s bandwidth).
However, the reliance on a chirped probe pulse still introduces a limitation.
Non-linear dispersion compromises the fidelity of broadband measurements by
distorting the time-to-wavelength mapping, thus rendering existing reconstruc-
tion algorithms based on a linear dispersion model unreliable.

To resolve this barrier, the second part of this thesis aims to develop a novel
Self-Adaptive Dispersion (SAD) algorithm for Diversity Electro-Optic Sampling
(DEOS), providing a generalized framework for the high-fidelity reconstruc-
tion of single-cycle, broadband THz pulses. This research redefines the signal
reconstruction problem by introducing a unifying conceptual framework that
transcends the limitations of existing methods. Unlike previous approaches,
such as the Maximum Ratio Combining algorithm which relies on restrictive
linear-time-invariant assumptions, this new framework aims to generalize and
encompass previous models by providing a solution for any arbitrary dispersion
profile inherent in chirped-probe systems. The development path involves initial
numerical validation and a tabletop proof-of-principle demonstration to verify
the SAD algorithm’s ability to reconstruct THz signal under nonlinear dispersion.
Following this, the ultimate objective is the practical implementation of the SAD-
integrated DEOS system at the European X-ray Free Electron Laser (EuXFEL)
and the Free-electron LASer in Hamburg (FLASH). By deploying this tool at
these high-repetition-rate facilities, the goal is to provide routine, MHz-rate
longitudinal electron bunch characterization, ensuring high-fidelity monitoring
of the bunch properties across entire bunch trains.

Beyond broadband THz characterization, the development of narrowband
diagnostics is motivated by the requirements of THz accelerator-based sources
such as FELBE, STERN, PITZ, and the future DALI upgrade [19-25]. In these en-
vironments, there is a need to characterize multicycle THz pulses in a single shot,
particularly to provide Carrier-Envelope Phase (CEP) diagnostics [26]. This pa-
rameter is essential for pump-probe users, as it allows them to accurately sort and
analyze their data based on the phase of the THz field. However, capturing these
complete multicycle waveforms is difficult, as it requires the sampling of at least
two points per THz cycle. In high-repetition-rate environments, conventional
techniques like Photonic Time-Stretch demand prohibitively high electronic
bandwidths (e.g., >10 GHz) to record the full multicycle pulse, severely imped-
ing the realization of cost-effective, real-time diagnostic systems. To address
this, the third part of this thesis proposes a novel electro-optic approach that
combines all-optical heterodyning with the Photonic Time-Stretch technique.
By down-converting THz signals to an intermediate frequency and applying
temporal stretching, this novel method aims to record the complete multicycle
electric field using lower electronic bandwidths. The ultimate goal is to provide
a proof-of-principle demonstration at the FELBE facility, establishing this all-
optical system as a viable tool for the real-time monitoring and characterization
of narrowband THz sources.

In summary, this thesis pushes the state of the art in THz electro-optic di-
agnostics on two fronts. It develops a new reconstruction algorithm which,
combined with Diversity Electro-Optic Sampling enables high-fidelity broad-
band THz pulse reconstruction despite nonlinear dispersion within the chirped
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probe laser pulse.

Furthermore, it introduces a novel electro-optic technique which, by combining
the heterodyne and photonic time stretch techniques, enables the single-shot
characterization of narrowband THz fields with a low electronic readout band-
width. The subsequent chapters of this thesis are organized into three parts:

* Part I establishes the foundational principles of the work. Chapter 1 pro-
vides the background on accelerator-based light sources, while Chapter 2
reviews the electro-optics detection systems.

* Part II focuses on achieving high-fidelity broadband THz characterization.
Chapter 3 presents the theoretical and numerical development of a new
reconstruction algorithm for the Diversity Electro-Optic techniques. This
novel algorithm introduces a unifying conceptual framework that encom-
passes existing methods while transcending their limitations by providing
a solution for any arbitrary dispersion profile inherent in chirped-probe
systems. The effectiveness of this approach is validated through both
numerical simulations and tabletop proof-of-principle demonstrations.
Chapter 4 details the implementation of this algorithm at two major facili-
ties. It describes single-shot, MHz-rate longitudinal bunch characterization
at the European X-ray Free Electron Laser (EuXFEL) and the Free-electron
LASer (FLASH) facilities in Hamburg, providing statistics on bunch length
and arrival time stability across full bunch trains.

 Part III introduces a new strategy for narrowband signals. Chapter 5
outlines the theoretical framework and design of a detection system com-
bining all-optical heterodyning with Photonic Time Stretch technique.
Finally, Chapter 6 describes the experimental implementation of this
novel electro-optic strategy at the Dresden-Rossendorf free-electron laser
(FELBE) facility. This includes the single-shot down-conversion of a 3.44
THz narrowband signal to a 1.72 GHz intermediate frequency signal on the
oscilloscope. Furthermore it includes the measurement of carrier-envelope
phase drift as a function of the cavity detuning.
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Chapter

Accelerator-based light sources

If you want to find the secrets of the
universe, think in terms of energy,

frequency and vibration.

— Nikola Tesla

1.1 Introduction

Accelerator-based light sources, including electron storage rings and Free-Electron
Lasers (FELs), are powerful research tools used by a vast community of scientists

working across various technological frontiers. Their capability to generate

intense, short light pulses, ranging from the infrared to X-ray spectral regions,

makes them indispensable for major scientific breakthroughs across physics,

chemistry, biology, materials science, and numerous other disciplines.

However, the continued optimization and improvement of these light sources
depend on the control and real-time characterization of the relativistic electron
bunches responsible for light generation. This thesis addresses this requirement
by focusing on accelerator diagnostics, and more specifically on the measurement
of electric fields in the terahertz (THz) range. Direct insight into the stability
and quality of the photon beam delivered to users is gained by characterizing
either the Coulomb electric field of the electron bunch within the accelerator
vacuum chamber or the THz radiation emitted by the bunches.

To establish the necessary context for this accelerator diagnostic work, this
chapter provides a general introduction to these light sources and their under-
lying physics. The chapter begins with Section. 1.2, detailing the historical
evolution of accelerator-based light sources. This provides an overview of the

technological progress that necessitates the adaptation of diagnostic tools. The

3
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principle of light generation is detailed in Section. 1.3, which covers the fun-
damental mechanism of charged particle radiation from accelerated electrons
and the role of insertion devices generating and shaping these intense, short,
flashes of light. Given the experimental focus of this thesis at various FELs
facilities, Section. 1.4 examines the operating principles of Free-Electron Lasers,
differentiating between the single-pass SASE and FEL oscillator configurations,
both of which are investigated using EO diagnostics in Chapter. 4 and Chapter. 6,
respectively. Finally, Section. 1.5 establishes the challenging need for robust,
single-shot electro-optic accelerator diagnostics operating at MHz acquisition

rates, the principles of which are detailed in Chapter. 2.
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1.2 Historical overview of accelerator-based

light sources

The history of accelerator radiation sources began with the first observations of
synchrotron light in 1947 [27, 28]. Though initially viewed as a mere byproduct
of particle accelerators dedicated to high-energy physics [29], these emissions
quickly revealed a profound scientific potential that warranted dedicated study.

The first generation of synchrotron radiation sources (early 1970s) consisted
of electron synchrotrons or storage rings repurposed from high-energy physics
programs. While the overall utility of the resulting Synchrotron Radiation (SR)
was intrinsically constrained by this arrangement, the compelling scientific
results obtained gradually cultivated a dedicated user community. This grow-
ing interest soon mounted pressure for the construction of facilities designed
specifically for light generation.

This demand marked the transition to the second generation, characterized by
storage rings engineered exclusively for the production of synchrotron radiation.
The defining technological feature of this era was the ability to accommodate
insertion devices, such as wigglers and undulators (for more information, see
subsection 1.3.2). These devices, which require long, straight sections within the
ring lattice, dramatically improved the intensity of the outgoing photon beam.

Building upon this technological leap, the design and need for the third
generation arose from a growing enthusiasm for accessing even shorter wave-
lengths, which required the implementation of high-energy storage rings. By
integrating the latest advancements in electron optics and insertion devices,
these installations successfully achieved and increased the brightness of X-rays.

While the third generation optimized brilliance, the fourth generation marked
a paradigm shift driven by the pursuit of ultra-high brilliance, higher photon
energy, and extremely short pulses (in the sub-picosecond to attosecond range).
This era was defined by the emergence of various approaches to push the bound-
aries of peak brilliance, temporal coherence, and pulse duration. Continued
refinement of storage rings (e.g., through low-emittance lattice designs) and re-
circulating energy-recovery linacs (ERLs) were developed and realized to satisfy
various user groups. However, the emergence of Free-Electron Lasers (FELs) pro-
vided peak powers several orders of magnitude higher and shorter pulse lengths.
This superior performance is essential for femtosecond ultrafast techniques, such
as "pump-probe" experiments! and non-linear science with photons. Notable
examples include FERMI [30], FELBE [31], BuXFEL [4, 32, 33], FLASH [34], and

Note that storage rings also render some ultrafast studies (like low-alpha pump-probe
experiments) possible



6 CHAPTER 1. Accelerator-based light sources

LCLS [2], among others.

Currently, research is defining the potential fifth generation, which focuses
on reducing the extensive scale and high cost associated with these facilities.
Key advancements include the use of laser plasma acceleration [35-39] to accel-
erate electron bunches and the exploration of dielectric waveguides to replace
conventional undulators, particularly for specific radiation ranges like the THz
region [23, 25, 40].

Collectively, these advanced light sources have become indispensable tools,
driving significant advancements across a multitude of research fields. Their
broad spectrum of applications extends from fundamental sciences, including
biology, physics, medicine, materials science, and spectroscopy [41-43], among
others.

For further details on the history of accelerator-based radiation sources,

readers are referred to ref [44].

1.3 Charged particle radiation principles

This section details the fundamental physical principles governing the genera-
tion of light from relativistic electron bunches in accelerator-driven light sources.

A detailed overview is presented in the literature [45, 46].

1.3.1 Synchrotron radiation

According to the principles of classical electrodynamics, any accelerated charged
particle emits electromagnetic radiation [46]. In the context of accelerator
physics, when a relativistic electron bunch is constrained to follow a curved
trajectory by magnetic fields, it generates what is termed synchrotron radiation
(SR). This light is characterized by its emission in a narrow cone in the direction
of the electron’s instantaneous motion and a broad spectral distribution span-
ning from the infrared to hard X-rays.

The total intensity of this radiation is governed by its coherence and the number
of electrons, as illustrated in Figure. 1.1. For the incoherent (spontaneous) SR,
the radiation wavelength is shorter than the bunch length, this means that the
electrons are randomly spaced relative to the wavelength. Thus the radiation
fields add with arbitrary phase, and the total intensity scales linearly with the
number of electrons, P « N (Figure. 1.1.(a)). Coherent synchrotron radiation
(CSR) occurs when the radiation wavelength is comparable to or longer than
the bunch length, or when the bunch contains micro-structures on the scale of

the radiation wavelength. In this case, the emitted fields add constructively, or
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coherently, enhancing the intensity such that it scales with the square of the
number of electrons, P o« N? (Figure. 1.1.(b)).

The distinct intensity profile of the emitted SR serves as an important tool for
longitudinal beam diagnostics, as it directly corresponds to the longitudinal pro-
file of the electron bunch. Synchrotron radiation was first observed in 1947 [27,

28] and an historical photo of this radiations is depicted in Figure. 1.1.(c).

(a) Electron Incoherent First obervation of synchrotron radiation
bunch synchrotron radiation in 1947 at the General Electric Research lab
—adlly;———— | S ; y

Synchrotron iy

radiation

(b) Microstructured Coherent
Electron bunch synchrotron radiation
oo RN

\

Bending magnet \
\\ % 2
P X N

Figure 1.1: Principle of synchrotron radiation emission. (a) Incoherent SR
: Radiation from a relativistic electron is emitted into a narrow cone in the
direction of motion. When the SR wavelength is much shorter than the bunch
length, the radiation fields from the randomly spaced electrons sum incoherently,
resulting in a total intensity P oc N. (b) Coherent SR (CSR) : When the radiation
wavelength is comparable to or longer than the bunch length, or a density
modulation exists, the fields add constructively. This results in highly intense
coherent emission, P o« N2. (c) Adapted picture from [28].

1.3.2 Undulator/Wiggler radiation

To enhance the properties of the synchrotron radiation, insertion devices called
undulators and wigglers are employed. These devices consist of periodic arrange-
ments of magnets designed to force relativistic electron bunches to undergo
transverse oscillations. A key distinction exists between wigglers and undulators
based on the amplitude of electron oscillations. In a wiggler, the oscillations
are large, leading to the emission of incoherent but highly intense radiation.
Conversely, in an undulator, the oscillations are weaker, and the spontaneous
emissions radiation emitted at each period of the undulator interferes coherently,
producing quasi-monochromatic and very brilliant radiation [47].

The underlying principle of undulator radiation is depicted in Fig. 1.2(a). A
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picture of an undulator is provided in Fig. 1.2(b).

Undulator
(a) Narroy!tbadnd
e AT 2
unc
Y N e s —

Wy

Figure 1.2: Principle of undulator radiation. (a) A relativistic electron bunch
passes through a periodic magnetic field, causing it to oscillate and emit coherent
electromagnetic radiation. Note that the electron oscillation is perpendicular to
the plane of the figure. The motion is represented here and in subsequent figures
as a simplified 2D projection for clarity. (b) Photograph of the THz undulator of
FLASH 1. This undulator is shown because its much longer period (compared to
X-ray undulators) allows the individual magnetic periods to be clearly visible for
illustrative purposes.

The wavelength of the emitted light, A, is primarily determined by the undulator
period 1,, the electron energy E, = ym,c?, the undulator parameter K,, and 0
the observation angle with respect to the electron beam 2, as defined by the

following equation:
A, Ki

_ Bu 292
A_272(1+ 5 +y 9) (1.1)

The undulator parameter K,, is given by:

K, = eBA,

= 1.2
21tm,c (1.2)

Here, B denotes the magnetic field strength, y is the relativistic Lorentz factor
and e and m, are the electron charge and mass, respectively. The final emit-
ted wavelength A can be tuned by varying the electron beam energy E, or by

adjusting the undulator gap to change the undulator parameter K.

The angle O is generally small in the undulator
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1.4 Free-Electron Lasers (FELs)

Free-electron lasers represent the fourth generation of accelerator-based radia-
tion sources, overcoming some of the limitations of synchrotrons to offer photon
pulses of unmatched peak power and coherence. Unlike synchrotrons that use
storage rings, most FELs use a linear particle accelerator (linac) to produce
ultrashort and high-quality electron bunches. This section will detail the op-
erating principle of an FEL, highlighting the fundamental differences between
single-pass FELs and FELs oscillator, both of which are investigated using EO
diagnostics in this thesis. A detailed overview is presented in the literature [45,
46].

1.4.1 FEL operating principle

The operating principle of FELs relies on the collective interaction between a
relativistic electron bunch and the electromagnetic field it generates within an
undulator. In the Self-Amplified Spontaneous Emission (SASE) mode, electrons
traversing the undulator initially emit spontaneous radiation. This radiation
then interacts with the electron bunch itself, inducing a self-organization process
where electrons group into micro-bunches, typically separated by an optical
wavelength. This induced micro-bunching intensifies the coherently emitted
radiation. This leads to a positive feedback loop, where the amplified radiation
further strengthens the micro-bunching, and this iterative process continues
along the undulator. The amplification continues until saturation, producing
a laser beam of extreme brilliance and coherence, characterized by ultrashort
pulses and gigantic peak power [48].

The FEL operation can be categorized into two configurations, a single passage
of the electron bunch through a long undulator generating EUV and X-ray light
or the use of an undulator integrated within a resonant optical cavity. While the
latter generates IR-visible light, modern cavity-based systems can extend this
range into the VUV, XUV, and even soft X-ray regimes [49, 50].
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1.4.2 Single-pass FELs

1. Principle of single-pass FELs :

Single-pass free-electron lasers are characterized by the interaction of an electron
bunch with a long undulator in a single traversal, enabling the self-amplification
of its own spontaneously emitted radiation. This configuration is typically
associated with the Self-Amplified Spontaneous Emission (SASE) mode, where
initial spontaneous emission is amplified as the electron bunch propagates,
leading to the generation of highly coherent radiation. Figure. 1.3 shows the

principle of a single-pass FEL.

Incoherent emission: Coherent emission:
electrons randomly phased electrons bunched at
radiation wavelength

Figure 1.3: Principle of single-pass free-electron laser operating in
self-amplified spontaneous emission mode. An electron bunch, after being
accelerated by a linear accelerator, enters a long undulator. Initial spontaneous
radiation from the electron bunch interacts with the electrons, leading to micro-
bunching and subsequent amplification of the emitted coherent radiation. The
figure comes from ref [48].
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1.4.3 FELs oscillators

1. Principle of FELs oscillators :

Free-electron lasers oscillators represent another class of FELs that are based
on a resonant optical cavity, similar in principle to conventional lasers. In this
configuration, the undulator is integrated within an optical resonator, typically
formed by a pair of mirrors. As the relativistic electron bunch traverses the
undulator, it generates radiation. This generated light is stored within the optical
cavity, reflecting back and forth between the mirrors, and is synchronized to
interact repeatedly with subsequent electron bunches. During each pass through
the undulator, the light interacts with the electron bunch, which continuously
transfers energy to the electromagnetic wave through stimulated emission. One
of the cavity mirrors often includes an outcoupling mechanism to extract the
amplified coherent light pulses. Precise synchronization of the optical pulse’s
round-trip time with the arrival of successive electron bunches at the undulator
entrance is paramount for sustained amplification and the production of intense,

coherent radiation. Figure. 1.4 shows the principle of an FEL oscillator.

Undulator

Mirror
omet, | PV
e > A i

/..

Outcoupling

Mirror .
T i Optical Amplified
FEL THz pulse

/ bunch \
/ \
Electron
dump

Figure 1.4: Operational principle of a free-electron laser oscillator.

An electron bunch passes through an undulator located within an optical cavity,
causing light emission. This light is then reflected back by the cavity mirrors to
interact with subsequent electron bunches, leading to stimulated emission and
amplification of the radiation. A portion of the amplified light is extracted as
the output laser pulse.
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1.5 The need for single-shot electro-optic

accelerator diagnostics

The optimization and routine operation of accelerator-based light sources de-
pend on the real-time characterization of their electron bunches. The quality
and specific properties of the generated photon beam, including its intensity,
duration, spectrum, and coherence, are directly linked to fundamental charac-
teristics of the electron bunches, such as charge, longitudinal profile, energy,
arrival time, and stability. Therefore, any variations in these electron parameters
can impact the quality and utility of the produced radiation.

Thus, accelerator diagnostics are indispensable tools for several key rea-
sons. They are used to optimize accelerator parameters in order to maximize
source performance and to gain a deeper understanding of the complex physical
phenomena occurring during electron acceleration and the subsequent electron-
radiation interaction. This facilitates the development of new acceleration and
radiation generation techniques. Furthermore, these diagnostics provide cru-
cial information to facility users, enabling them to conduct their experiments
effectively.

A diverse and extensive suite of diagnostic techniques is routinely employed
to characterize every aspect of either the electron beam or the radiation itself
(e.g., see ref [51] for electron beam diagnostics overview and ref [9] for X-ray>
photon diagnostics, both at EuXFEL). However, the central challenge that this
thesis addresses is the need for robust, single-shot, and high-repetition-rate
measurements of the longitudinal electron bunch shape or its related THz
emitted radiation.

A widely employed technique for this purpose is electro-optic sampling
(EOS), which involves probing an electric field by using a laser probe pulse
and an electro-optic crystal (this method will be detailed in Section 2.2). This
technique can be applied to probe the Coulomb electric field of the electron
bunch by placing an electro-optic crystal inside the vacuum accelerator cham-
ber [52-54]. Or alternatively, by placing the EO crystal at the THz beamline
output to measure the THz radiation emitted by these relativistic electrons, as
illustrated in Figure 1.5(b) [55].

3Note that X-ray radiation is chosen here, but there are radiation diagnostics at any wavelength
employing specific techniques
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(a) Coulomb field EO ' (probing the Coulomb electric field
Measurement cryistal of the electron bunch
---------- -

Longitudinal electron bunch
shape measurement

Short electron bunch
(typ. sub-ps)

(b) Far-field
Measurement THz beamline EO
crystal
—————————— -y i

Short electron bunch Emitted THz radiation

(typ. sub-ps)
THz radiation characterization

Figure 1.5: Comparison of Coulomb field and far-field electro-optic detection
methods for characterizing electron bunches and their emitted radiation in
accelerator facilities. (a) In the Coulomb field detection, an electro-optic crystal
is placed within the vacuum accelerator chamber, directly probing the Coulomb
field of the electron bunch. (b) In the far-field configuration, the THz radiation
emitted by the electron bunch is collected and measured remotely using an EO
detection system.

Nevertheless, existing EO detectors often present limitations and involve
trade-offs between single-shot operation, acquisition rates, sufficient temporal
resolution, and sensitivity. The specific challenges and intricacies of these
measurements will be described in detail throughout Chapter 2.

The main objective of this thesis, therefore, is to develop a single-shot diagnos-
tic tools based on electro-optic detection. These tools aim to achieve repetition
rates from 2 to 13 MHz, provide non-destructive recordings of both broadband
and narrowband THz signals with high fidelity, and push the bandwidth limita-
tions of EO detection towards higher frequencies.

The detailed development and experimental results for broadband detection
and high fidelity recordings are presented in Part II, while Part III focuses on

narrowband detection and the exploration of enhanced bandwidth limitations.
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Note on the versatility of EO THz detection: From accelerators to tabletop
sources

It is important to emphasize that while this thesis focuses on applying the

developed electro-optic detection method to accelerator diagnostics, the
underlying principles and advanced capabilities of this tool are equally
valid and highly valuable for the characterization of THz fields gener-
ated through other means, such as tabletop conventional laser-based
THz sources utilizing optical rectification and for exploring diverse non-
equilibrium phenomena beyond the scope of accelerator-based studies 56—
59].




Chapter 2

State of the art of single-shot
electro-optic methods for THz

detection

Measure what is measurable, and

make measurable what is not so.

— Galileo Galilei

2.1 Introduction

Single-shot electric field recording is essential in THz science for investigat-
ing fast, non-repetitive phenomena or low-repetition-rate experiments where
classical time-domain spectroscopy is impractical.

Furthermore, single-shot THz diagnostics are needed for the investigation
and optimization of novel THz sources, including quantum cascade lasers,
ultra-wide-bandwidth laser-plasma sources and, specifically for this thesis, Free-
Electron Lasers and accelerators. THz diagnostics in accelerator facilities have
varying demands. While low-repetition-rate FELs (such as FERMI, SACLA,
and LCLS) only require single-shot measurement, high-repetition-rate facilities
demand operation at MHz repetition rates. These high rates are essential for elec-
tron bunch-to-bunch characterization, along with the required sub-picosecond
temporal resolution.

This chapter details the underlying principle of a non-invasive, single-shot
THz recorder operating at MHz repetition rates with hundreds of femtosecond
temporal resolution.

The first Section.2.2 introduces the Electro-Optic Sampling (EOS) method,

15



16 CHAPTER 2. Single-shot electro-optic method for THz detection

which uses an electro-optic crystal and a femtosecond probe laser to perform a
conventional THz waveform scanning measurement.

To meet the specific requirements of accelerator THz diagnostics, the setups
necessary for converting the EOS technique into a high-repetition-rate, single-
shot method are detailed in Section.2.3. This is achieved using a chirped probe
laser pulse instead of a femtosecond pulse, a technique known as spectral encod-
ing. This process encodes the entire THz signal onto the laser spectrum using
a time-to-wavelength mapping, thus enabling a single-shot THz measurement.
Regarding the MHz-readouts, two options are possible, an electronic approach
and a photonic method. The electronic approach uses a spectrometer comprising
a grating and an ultrafast camera, allowing acquisition rates of 2.7 MHz [60].
The photonic method employs long optical fibers introducing dispersion to slow
down the THz-encoded signal so it can be captured by commercially available
photodiodes and oscilloscopes, reaching acquisition rates up to 88 MHz [61].
Finally, the intrinsic temporal resolution limitations of the spectral encoding
technique are rigorously examined in Section.2.4, particularly those imposed
by the use of a chirped probe pulse. The solution to overcome these limitations
and achieve sub-picosecond temporal resolution is the phase diversity method,
which is introduced and detailed, along with its associated Maximum Ratio
Combining (MRC) reconstruction algorithm. However, it will be revealed in
section. 2.5 that even these advanced methods face limitations under conditions

of non-linear dispersion (such as higher-order dispersion in pre-chirp fibers).
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2.2 Principle of the Electro-Optic Sampling (EOS)

1. Probe laser and THz interaction within an electro-optic crystal:

A linearly polarized femtosecond laser pulse, referred as the probe pulse, and a
THz electric field under interest are interacting colinearly in the electro-optic
crystal. When the THz electric field is applied, the EO crystal becomes optically
anisotropic. This anisotropy creates two distinct refractive indices, n; and n,
along the fast and slow axes [62], respectively, as illustrated in Figure 2.2.(a).
As the probe pulse propagates through the EO crystal, its polarization state is
altered by the THz electric field induced birefringence. This interaction leads to
a phase retardation A¢ between the ordinary and extraordinary components of

the probe light. This phase retardation can be expressed as [63, 64]:

d d
Apla, )= 225 (m(@) - my(@) = "oyl +3co?@Ert)  (21)

where A is the laser wavelength, d is the crystal thickness, n is the refractive
index of the crystal at the laser wavelength A, r4; is the electro-optic coefficient,
«a is the angle of the THz field with respect to the [-110] direction of the EO
crystal, and Erp, is the THz electric field.

In the standard EOS configuration, the THz electric field and the femtosecond
probe laser are aligned parallel to the [-110] crystallographic axis, meaning that
a =0, as depicted in Figure 2.2.(b).

In this specific alignment, Equation 2.1 simplifies to:

s 2nd
AP (e =0,1) = ==nira Erp(1) (2:2)

In the absence of a THz electric field, the probe laser’s polarization remains
unchanged. The electro-optic crystal acts as an electro-optic modulator, where

the rapidly varying THz field modulates the polarization state of the probe pulse.

Example : Order of magnitude of phase retardation

The THz electric fields encountered in accelerators are typically on the
order of several hundreds of kV/m. Considering a GaP crystal with ny =
3.1 at a wavelength of 1.03 pm, an electro-optic coefficient ry; = 0.97
pm/V [65, 66] and a thickness d = 5 mm.

Using Equation 2.2, the calculated phase retardation A¢ is typically in
the range of tens to hundreds of milliradians. This relatively small phase
retardation necessitates a special design in order to reach the required

sensitivity to extract the THz signal with a good signal-to-noise ratio (SNR).
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Figure 2.1: Principle of a conventional electro-optic sampling method. A vari-
able delay stage is used to scan the relative arrival time between the femtosecond
laser probe pulse and the THz pulse.
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Figure 2.2: Illustration of an electro-optic crystal under the influence of an
THz electric field : (a) Representation of the anisotropy induced by the THz
electric field resulting in a fast and slow axes with a refractive indices n; and n,.
(b) Standard configuration for electro-optic sampling, showing the alignment of
the probe laser and THz field with respect to the crystallographic axes.
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2. Recording Process:
The induced phase retardation transforms the initially linear polarization of the
probe laser into an elliptical polarization. This ellipticity is then converted into
an intensity modulation by passing the probe beam through a judiciously chosen
combination of waveplates and a polarizer. By measuring this intensity change,
the instantaneous value of the THz electric field can be precisely deduced.

Since each measurement yields only a single temporal point of the THz
electric field evolution, retrieving the entire temporal profile of the THz pulse
requires scanning the relative delay between the femtosecond laser probe pulse
and the THz signal. This time-domain sampling process is schematically illus-
trated in Figure 2.1.

While effective for characterizing stable or repetitive phenomena, this scan-
ning approach is inherently time-consuming and precludes single-shot measure-

ments of THz waveforms.

3. Temporal Resolution:

The temporal resolution of EOS is limited by the duration of the probe pulse Tj
and the inherent properties of the electro-optic crystal, particularly its phonon
absorption resonance frequencies f; and phase matching condition between the
laser and the THz signal [63, 64].

Table 2.1 provides an overview of common EO crystals, detailing their respec-
tive first phonon resonance frequencies f; and their corresponding probe laser

wavelengths used to achieve the optimal phase-matching condition for each

material.
EO crystal f, THz Probe laser wavelength (nm)
ZnTe 5.3 800
GaP 10.98 1060
GaAs 8.025 1550

Table 2.1: Suitable electro-optic crystals for THz detection with their respective
first phonon resonance frequencies f;, at which absorption occurs, from ref [65].
The selection of the probe laser wavelength correspond to the optimal phase
matching conditions for each EO crystal.

With careful selection of the crystal and probe pulse duration, sub-picosecond

temporal resolution has been achieved using this technique [14, 67, 68].
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4. Applications :

EOS finds widespread applications in characterizing repetitive electric fields [12-
15], THz spectroscopy [69], tomography [70], and imaging [71]. In accelerator
physics, notable early demonstrations of electro-optic detection include appli-
cations in Free Electron Lasers (FELs) like FELIX [68] and in storage ring laser
slicing experiments [72].

5. Need for single-shot electro-optic techniques :

Conventional EOS offers excellent temporal resolution, but its reliance on a scan-
ning delay makes single-shot THz waveform measurements impossible. This
limitation precludes its use in studying irreversible or non-repeatable processes,
and makes it impractical for low repetition rate phenomena. More importantly,
in the context of this thesis, non single-shot EOS cannot meet the real-time
diagnostics requirements of accelerators, which necessitate the study of electron
bunch shape dynamics. To enable bunch-to-bunch characterization, the conven-
tional EOS scheme must be adapted for single-shot operation. The following
section will detail how this adaptation was made to allow a single-shot operation

working at MHz repetition rates.

2.3 High repetition rate single shot electro-optic

detection

There are various single-shot electro-optic techniques, including transverse
encoding (time-to-space mapping), angular encoding (time-to-angle mapping)
and spectral encoding (time-to-wavelength mapping).

So far, to achieve the high repetition rates needed in accelerator facilities, the
most viable technique is spectral encoding using a chirped probe laser pulse.
This technique will be detailed in subsection 2.3.1. For more information on
the transverse and angular encoding, the reader is referred to the following
reference [73].

Once the signal is encoded, there are different ways to read it out. One option is
spectral decoding [16], which uses a spectrometer, i.e, a grating combined with
an ultrafast camera, as explained in subsection2.3.2.1. The other is photonic
time-stretch (PTS) [17, 61], which uses long optical fibers to slow the signal
down, enabling its capture by a photodiode and oscilloscope, as explained in
subsection2.3.2.2. The advantages and disadvantages of choosing between PTS

and the ultrafast spectrometer will be discussed in the summary.2.3.2.2.
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2.3.1 Single-shot electro-optic detection using chirped probe

laser pulses (Time-to-wavelength conversion)

The electro-optic detection technique using chirped probe laser pulse [16, 17],
also known as spectral encoding, is an advanced EO technique, enabling single-
shot waveform acquisition, by encoding temporal information of the THz field
onto the chirped laser probe spectrum. The principle of the spectral encoding
technique is displayed in Figure 2.3.

Single shot optical
spectrum analyzer
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under interest We:jvepllattss Replica of the electric field
H and polarizer ime- i
L1 Several ps __\‘/\‘,__ p time-evolution
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Figure 2.3: Illustration of the single-shot electro-optic spectral encoding :

A chirped probe laser pulse interacts with the THz electric field within an electro-
optic crystal. The temporal profile of the THz field is encoded onto the chirped
laser probe spectrum.

The chirped probe laser is obtained from a femtosecond laser probe pulse with a
spectral bandwidth AA that is temporally stretched to a duration Tj, i.e. chirped,
before interacting with the THz field inside the electro-optic crystal.

T, = AAD, (2.3)

This chirping process, is achieved by propagating the laser pulse through a
dispersive medium with a total dispersion &, ! , establishing an approximately
linear ? relationship between the instantaneous frequency and the temporal
position within the probe pulse. A modulation of the chirped pulse in time will
therefore cause an identical®> modulation in the spectrum. When this chirped
probe pulse interacts with the co-propagating THz electric field in the electro-
optic crystal, its polarization state is modulated. Using waveplates and a po-
larizer, this polarization modulation is converted into an intensity modulation.
Therefore, the entire spectral encoding process maps the time-evolution of the
THz electric field directly onto the chirped probe laser’s spectrum.

! As example Z| = D, L, for an optical fiber having a dispersion D; and a length L,

The general case in which the relation between the instantaneous frequency and time is not
linear will be further discuss in section. 2.5 and chapter. 3

31n section.2.4, we will see that it not always the case.



22 CHAPTER 2. Single-shot electro-optic method for THz detection

2.3.2 High-Speed THz Readouts: ultrafast camera-based opti-

cal spectrum analyzer vs photonic time stretch

To record the chirped probe laser’s spectrum and thus the THz temporal profile,
a standard spectrum analyzer can be used. However, bunch-to-bunch char-
acterization in accelerator environments requires a MHz acquisition readout.
This high repetition rate acquisition is currently achieved through two main
approaches. One approach uses a spectrometer combining a grating and an
ultrafast camera able to record up to 2.7 MHz [60], as detailed in section.2.3.2.1.
The other approach employs the photonic time stretch technique, which enable
an acquisition rate up to 88 MHz[74], as detailed in section2.3.2.2. Pro and cons

of these two different readouts are detailed in summary.2.3.2.2.

2.3.2.1 Electro-optic spectral decoding using an ultrafast camera-based

optical spectrum analyzer

Electro-optic spectral decoding (EOSD) uses a spectrometer to spatially disperse
the chirped probe pulse’s frequency components, enabling single-shot recording
by a camera or a line array detector. However standard commercial cameras
are typically limited to readout rates of a few hundreds of kHz*. This falls
significantly short of the MHz repetition rates required to record every electron
bunch produced by accelerators. To overcome this fundamental limitation, a
notable solution designed to address this challenge is KALYPSO (KArlsruhe
Linear arraY detector for MHz-rePetition rate SpectrOscopy), an ultrafast linear
array detector [60]. KALYPSO enables a continuous readout frame rate of 2.7
MHz over 1024 pixels.

The integration of KALYPSO with EOSD schemes allows for high-repetition rate
diagnostics of the longitudinal electron bunch.

For instance, at the KARA storage ring, KALYPSO has been instrumental in mea-
suring longitudinal charge density profiles of electron bunches in both Coulomb
field and far-field configurations [75]. Coulomb field measurements, where the
EO crystal is placed within the vacuum chamber to probe the electron bunch’s
Coulomb electric field, have been reported in [52-54]. Far-field measurements,
in contrast, involve positioning the EO crystal outside the vacuum chamber to
probe the coherent synchrotron radiation or coherent transition radiation [55].
A typical setup for KALYPSO within an EOSD system is shown in Figure 2.4.(a).
Furthermore, KALYPSO has been successfully deployed within EOSD systems at
the EuXFEL [11] and FLASH [76], enabling real-time, single-shot monitoring of

electron bunch profiles®.

“For real-time operation and line scan camera
>As it will be presented in chapter.4
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The development and deployment of such high-speed camera systems are es-
sential for single-shot spectral encoding techniques, enabling bunch-to-bunch
characterization in accelerator environments. However, certain accelerator fa-
cilities demand even higher repetition rate performance. For example, the FEL
oscillator FELBE operates at a 13 MHz rate. Therefore an alternative option is to

use photonics methods for high-repetition rate readout.
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Figure 2.4: Readouts methods for high-reptition rate electro-optic spectral
encoding (a) Schematic illustration of electro-optic spectral decoding utilizing
an ultrafast camera, such as KALYPSO [60], to capture high-repetition-rate THz-
encoded signals. (b) Schematic illustration of the photonic time stretch process
integrated into a spectral encoding setup. The pre-chirped probe pulse interacts
with the THz field in the EO crystal, and the modulated pulse then undergoes
additional dispersion in a long fiber, stretching its temporal profile for detection
by slower electronics.

2.3.2.2 Electro-optic spectral encoding using photonic time stretch

While ultrafast cameras like KALYPSO offer a compelling readout solution for
high-repetition-rate spectral decoding technique, another approach to overcom-
ing detector speed limitations is Photonic Time Stretch (PTS). This technique is
based on optical dispersion to effectively slow down a fast optical signal, enabling
its capture by slower electronic devices such as photodiodes and oscilloscopes
with GHz bandwidth.
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1. Photonic Time Stretch technique:
In the spectral encoding scheme, PTS is implemented after interaction between
the THz field and the laser probe in the EO crystal, the modulated chirped
probe pulse, which already carries the THz waveform encoded in its spectrum,
is sent into a long fiber and undergoes a significant additional total dispersion
D, >> 9. This process further slows down the modulated laser pulse, including
the THz waveform encoded on it. Figure 2.4.(b) illustrates the photonic time
stretch process within the spectral encoding setup.
The degree of temporal stretching is quantified by the magnification factor
M [77], defined as the ratio of the stretched pulse duration T, to the original
modulated pulse duration T;. This factor can bg;xpressed as:
L, h 2
M:Fl:]%:1+§l (2.4)
Where f; and f, refer to the bandwidth of the original and stretched signals,
respectively. If the same type of optical fiber is used for the pre-chirp (i.e
temporal window T}) and the photonic time stretch, this simplified to :

L,
M=1+ L (2.5)
Where L, and L, are the lengths of the respective fibers. Typically, L, >> L; to
achieve significant stretching®.

The total duration T, of the modulated laser signal after the stretching fiber,
can be calculated by considering the initial spectral bandwidth AX of the probe
pulse and the total accumulated dispersion:

T, = AND, + D) (2.6)

A key benefit of stretching the fast optical pulse by a factor M, is that the
electronic bandwidth required to capture it is reduced by the same factor M.

Practical case : The impact of stretch factor M on THz detection

For instance, if a THz signal encoded on the probe pulse results in an
optical modulation with a 3 THz bandwidth, and the pulse is stretched
by M = 300, the equivalent electronic bandwidth required for detection
would be reduced to a manageable 10 GHz.

This reduction enables the use of readily available and cost-effective GHz
photodetectors and oscilloscopes, thereby effectively circumventing the

speed limitations of commercial cameras.

®Note that PTS is a general technique, originally employed for GHz signal processing with
relatively low stretch factors (M < 10) for GHz signal. In the context of THz diagnostics,
however, the need to reduce the multi-terahertz bandwidth to a manageable electronic bandwidth
necessitates a large stretch factor, requiring the condition &, >> 2



2.3. High repetition rate single shot electro-optic detection 25

2. PTS combined with balanced detection:

To significantly enhance the sensitivity, defined as the minimum measurable
electric field, of spectral decoding when employing PTS, a balanced detection
can be performed. The EO signal Izo(t) which contains the THz signal informa-
tion, manifests as a small alteration, typically only a few percent modulation,
encoded upon the pre-chirped probe laser pulse.

The one-output time-stretch detection, as depicted in Figure 2.5.(a), recording
this signal means that this essential information occupies a limited number of
bins on the digitizer. This inherently constricts the detection’s dynamic range
and consequently degrades the signal-to-noise ratio.

In an analog balanced detection configuration, two identical photodiodes con-
currently detect the two optical signals. Their resulting photocurrents are then
differentially amplified by a gain G, as depicted Fig. 2.5.(b). This differential
amplification effectively cancels common-mode fluctuations, including inherent
laser shape variations, allowing the oscilloscope to record the difference signal
with a substantially higher effective dynamic range. This approach has proven
particularly valuable in THz time-domain spectroscopy (THz-TDS) enabling
high-repetition-rate measurements at elevated sensitivities [61, 78, 79].

A notable trade-off is inherent to this process, while it effectively suppresses
common-mode laser noise, it only provides the difference between the two po-
larization states. This precludes separate, simultaneous measurements of each

individual polarization, a capability that will become mandatory in Section.2.4.2.
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Figure 2.5: Classical vs. balanced detection in spectral encoding technique
combined with photonic time stretch. (a) One-output time-stretch detection,
where the small EO signal is recorded on top of a large background. (b) Balanced
detection configuration, employing two photodiodes and differential amplifica-
tion (gain G) to subtract the common-mode background, thus maximizing the
effective dynamic range for the THz-encoded signal.
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3. Historical context and applications :

The concept of photonic time stretch was initially developed to enhance the
bandwidth of analog-to-digital converters (ADCs) for electronic signals, allowing
for the digitization of ultra-broadband signals that would otherwise exceed the
capabilities of conventional electronics [17, 77, 80, 81]. Its application was later
introduced to electro-optic detection in THz [61, 78, 82-84], where the need
for high-speed, single-shot THz measurements is paramount. Recently, PTS has
seen increasing adoption in table-top THz experiments [85, 86], pushing the
boundaries of repetition rates in laboratory settings, with demonstrated systems

reaching up to 1.1 MHz acquisition speeds [56, 57].

4. Limitations of photonic time stretch technique
While PTS offers a powerful solution for high-repetition-rate measurements, it
is not without its own set of limitations that must be carefully considered in
system design:
* Pulse overlap and repetition rate: A critical constraint is that the stretched
pulses must not overlap in the time domain. This implies that the total

stretched pulse duration T, must be less than or equal to the inverse of the

repetition rate fl .

rep
1
fmp

Excessive stretching beyond this limit will lead to consecutive pulses over-

T2 < (27)

lapping, resulting in a loss of distinct signal information and an inability
to resolve individual events. This fundamental trade-off exists between the

achievable stretch factor and the maximum operational repetition rate.

* Fiber losses: Fiber losses are an essential concern in the long stretching
fiber, as they limit the maximum achievable stretch factor and thus the
bandwidth reduction. The figure of merit for selecting the optical fiber is
the ratio of dispersion to loss. For comparison, at 1550 nm wavelength, the
SME28 fiber provide a loss of 0.17 dB/km for a dispersion of 18 ps/nm/km,
while at 1030 nm, the HI1060 fiber exhibits a much higher loss of 1.5
dB/km for a dispersion of -53 ps/nm/km. Thus the lower loss at 1550
nm provides more advantageous dispersion/loss ratio, enabling a greater

temporal stretch and a more effective electronic bandwidth reduction [84].

* Higher order dispersion in the stretch fiber L,: Accurate photonic time
stretch requires perfectly linear dispersion in the stretch fiber, therefore,
any higher-order dispersion creates a nonlinear time calibration that limits
measurement accuracy.

An example can be found in appendix.B related to chapter.6.
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Note on photonic time stretch and analogy with paraxial diffraction

The final step of the Photonic Time Stretch, in the case of a THz signal (i.e,
D, >> ) is based on the Dispersive Fourier Transform (DFT) [87]. This

temporal mapping bears a strong analogy to paraxial diffraction in the spa-

tial domain, which is governed by the Fresnel approximation [88]. Under
the condition of large dispersion (the "far-field" condition, or Fraunhofer
diffraction), the DFT simplifies, making the stretched pulse’s temporal
waveform a direct representation of the original pulse’s optical spectrum.
Experimental evidence of DFT is presented in Chapter.6, where Figure 6.4
shows the optical spectrum recorded with an Optical Spectrum Analyzer
(OSA), and Figure 6.6(a) displays the corresponding temporal laser profile

obtained using PTS, demonstrating that both measurements represent the

same underlying optical spectrum.

Summary: Electronic vs. Photonic Readout for High-Speed THz Diagnos-

tics

In summary, both spectral decoding using ultrafast cameras like KALYPSO
and photonic time stretch offer compelling solutions for high-repetition-
rate, single-shot electro-optic detection, with each presenting trade-offs.
The KALYPSO camera provides a direct, high-speed spectral readout, cur-
rently operating up to 2.7 MHz. In contrast, PTS offers the advantage of
pushing the acquisition rate into the hundreds of MHz range by using
readily available commercial devices. This high speed comes with a fiber
loss limitation, however, requiring the use of a 1550 nm probe laser. Thus,
the choice is determined by the required repetition rate and probe laser
wavelength, one would typically use KALYPSO for 1030 nm up to 2.7 MHz,
but if the repetition rate is even higher, then PTS becomes mandatory.
Experiment measurements performed at DESY (2.26 MHz) in chapter. 4
are made using spectral decoding with the 2.7 MHz KALYPSO at 1030 nm.
While experiment measurements performed at FELBE (13 MHz) in chap-

ter.6 are made using PTS combined with balanced detection at 1550 nm.

Building upon our capability to record single-shot THz electric fields at
MHz repetition rates, the following section will explore the ultimate temporal

resolution limits achievable in our experimental setup.
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2.4 Time resolution limitation and phase diversity

solution

While electro-optic spectral decoding and photonic time-stretch techniques en-
able single-shot THz waveform acquisition at MHz repetition rate, this advantage
comes with an inherent trade-off in temporal resolution. This limitation arises
from the use of a chirped probe pulse, as detailed in section.2.4.1. Fortunately,
a recent novel approach, Diversity Electro-Optic Sampling (DEOS), has been
developed to overcome this resolution limit, as explained in section.2.4.2. More
details about the time resolution limitation and the DEOS solution can be found

in this paper [18].
2.4.1 Spectral encoding time resolution limitation

1. Time resolution limitation due to chirped probe pulse

A clear demonstration of the time resolution limitation can be seen in numer-
ical simulations where, even under ideal conditions (i.e., without considering
electro-optic crystal bandwidth limitations), the fidelity of the reconstructed
THz waveform is compromised for shorter pulses. Figure 2.6 illustrates this
point. A Tpp, = 2 ps long Gaussian THz pulse is faithfully encoded onto the
chirped laser pulse spectrum, while a shorter Try, = 200 fs pulse exhibits sig-
nificant distortions. This phenomenon is a direct consequence of the intricate
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Figure 2.6: Numerical simulation of spectral encoding temporal resolution
limitation due to chirped probe pulse. The figure compares the fidelity of THz
waveform encoding onto a chirped probe pulse under ideal conditions (i.e., ne-
glecting electro-optic crystal bandwidth effects). (a) Input Try, = 2 ps gaussian
THz pulse. (c) Input Try, = 200 fs gaussian THz pulse. (b) The Ty, =2 ps THz
pulse, being longer than the minimum temporal resolution T,,;,, = 547 fs (see
equation.2.8), is accurately reproduced in the recorded optical spectrum. (d) The
Try, =200 fs THz pulse, falling below T,,,;,, = 547 fs, exhibits distortions in the
recorded optical spectrum, highlighting the limitation of spectral encoding for
resolving pulse shorter than the theoretical minimum temporal resolution T,,;,, .
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interplay between the probe pulse’s inherent bandwidth and its deliberate tem-
poral stretching.

Sun et al [89] first elucidated the temporal resolution limits of spectral encoding.
Their seminal analysis demonstrated that a faithful encoded THz waveform
is only guaranteed if the desired temporal resolution is larger than a specific

minimum value, T,,;,, given by :

Tmin = VTOTl (28)

Here Ty represents the Fourier transform limit duration of the unchirped probe
pulse, which is the shortest possible duration corresponding to its full spectral
bandwidth. In essence, Tj sets the absolute finest temporal features that the
original unchirped probe pulse can inherently resolve. A shorter T implies a
broader spectral bandwidth, thus providing the potential for higher temporal
resolution.

Conversely, T; is the temporal duration of the chirped probe pulse as it interacts
with the THz field within the electro-optic crystal. This T} effectively defines the
"temporal window" over which the THz waveform is mapped onto the probe’s

spectrum.

Example : Minimum temporal resolution in spectral encoding technique

For instance, in the simulation where we consider a Fourier limit duration
of Ty = 40 fs and a temporal window of a duration of T} = 10 ps, the
theoretical minimum resolvable temporal feature would be T,,;,, = 547 fs.
This calculation implies that THz pulses with features shorter than

T,in = 547 fs might suffer from considerable distortion as demonstrated
in Fig.2.6.(d).

. v

Typically, the achievable temporal resolution with spectral encoding is on
the order of hundreds of femtoseconds to several picoseconds, depending on the

system parameters and optimization [11, 90].

2. Transfer function interpretation of temporal resolution limitation

This temporal resolution limitation of the spectral encoding method can be
rigorously understood by using the concept of a transfer function. Essentially,
the spectral encoding system acts as a filter that determines how faithfully the
input THz signal is mapped to the detected optical output.

To formalize this, we can consider the birefringence induced by the THz electric
field, A¢(t), as the input X(t) of our system (e.g., the pulses shown in Figure
2.6.(a) and (c)), and the spectrally encoded optical signal Y () (e.g., represented
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in Figure 2.6.(b) and (d)). In the Fourier domain, the relationship between this
input X(Q) and output ?(Q) is governed by a transfer function, H(Q)).

Y(Q) = HQ)X(Q) (2.9)

Theoretical derivations, have shown that the transfer function for spectral en-

coding exhibits a characteristic cosine shape [18, 77, 91]:

H(Q) = 2mcos(BQ? + ¢) (2.10)

This specific form of transfer function was also observed in photonic time stretch
digitizers [92].

Here, 2m is related to the amplitude and phase modulation induced by the
instantaneous THz electric field E7y,(t). The parameter B = % = B, L, is associ-
ated with the dispersion of the chirped probe pulse, where C is the chirp rate of
the laser and f, is the second-order dispersion coefficient of the pre-chirp fiber
with length L. The phase term ¢ is dependent on a, the orientation of the THz
field with respect to the [-110] direction of the EO crystal, see ref [18].
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Figure 2.7: Transfer function of a spectral encoding system (plot of the 2.10
equation): The points where H(Q)) approaches zero indicate frequencies at
which the spectral encoding system completely loses spectral information, lead-
ing to temporal signal distortion and limiting the achievable temporal resolution.
This illustrates the frequency-domain filtering effect.

Parameters: m:%, B=1.44 p52 and ¢ =0.

The typical shape of this transfer function, clearly showing these information-
losing zeros, is displayed in Figure 2.7. The critical feature of this transfer
function is its oscillatory nature, which introduces zeros at specific THz frequen-
cies. These zeros represent frequencies at which the system completely loses
information, leading to a perfect null in the output spectrum, regardless of the
input THz field strength at that frequency. As the input THz pulse, Ep,(f),
becomes shorter in the time domain, its corresponding spectrum X((2) becomes
broader. This broadened spectrum inevitably encompasses these zeros within
the system’s transfer function, H((2). Consequently, a portion of the THz signal’s
spectral information is irrevocably lost, resulting in the observed distortions and

a reduction in temporal fidelity in the reconstructed waveform.
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This direct consequence of the transfer function’s frequency-dependent re-
sponse provides a rigorous explanation for the empirically derived minimum
temporal resolution, T,,;,,, initially identified by Sun et al [89].

Understanding this frequency-domain filtering effect is crucial for optimizing
spectral encoding systems and for developing advanced techniques, such as

phase diversity [18], to address these inherent limitations.
2.4.2 Diversity Electro-Optic Sampling (DEOS) principle

To overcome the inherent temporal resolution limitation imposed by the T, T
relationship in standard spectral encoding, a novel approach known as Diversity
Electro-Optic Sampling (DEOS) has been developed.

This technique, notably explored by E. Roussel et al. [18], provides a pathway to
retrieve THz waveforms with fidelities beyond the conventional T,,;,, limit.
The core idea behind phase diversity is to go beyond the single measurement by

utilizing additional information encoded in the probe pulse.

2.4.2.1 Standard Spectral Decoding: Shared Nulls in the Transfer Function

In a conventional spectral encoding setup, if one were to implement two detec-
tion channels by simply splitting the probe beam after the EO crystal and using
identical polarization analysis stages, both channels would yield essentially the
same signal with opposite sign allowing balanced detection. This is because they
would be governed by the same transfer function |[H*'¢(Q)|, and thus, would

share the same problematic nulls.

H;"(Q) = -H5"(Q)

Yit(e) = ~v3'(e) -

This scenario is related to the polarization orientation within the EO crystal
with respect to the birefringence axis as depicted in Figure 2.9.(a) and the
corresponding identical transfer functions in Figure 2.8.(a). Such a configuration

provides no new information to mitigate the temporal resolution limitation.

2.4.2.2 Phase Diversity: Interleaved Nulls for Full Bandwidth Retrieval

The innovation of phase diversity lies in purposefully creating multiple outputs,
each with a distinct and complementary transfer function. This is achieved
by carefully designing the optical setup to capture multiple channels with
specific, phase shifts. For instance, this can be realized by employing a different
orientation of the EO crystal with respect to the probe beam polarization and
the THz field. The phase diversity setup will generates two outputs, Y;(f) and
Y,(t), from the same input THz field X(¢).
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In the Fourier domain, these outputs would be related by:

_ _ (2.12)

The critical requirement for phase diversity is that the transfer functions, H;(Q2)
and H,(Q)) must have interleaved nulls, meaning that where H;((2) has a null

H,(€)) must have a non-zero response, and vice-versa.

Standard EO Phase diversity EO
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Figure 2.8: Comparison of transfer functions in standard EOSD vs. DEOS : (a)
In standard EOSD, multiple detection channels would exhibit identical trans-
fer functions |H;(Q)| = |H,(Q)|, leading to shared nulls and inherent temporal
resolution limitations. (b) In phase diversity, the system is designed to generate
two outputs with complementary transfer functions |H;(Q2)| and |H,(Q)|. The
interleaved nulls ensure that when one channel’s response is weak or zero at a
given frequency, the other channel provides strong signal, thereby overcoming
the information loss present in a single-channel system or standard EO configu-
ration.

Parameters Standard EO: m=1, B=1.44 ps® and ¢ = 0.

Parameters Phase Diversity EO: m:i\%, B=1.44 ps? and ¢ = +

NP

The optimized EO crystal configuration with respect to probe laser and THz
polarization is depicted in Figure 2.9.(b). The two transfer function resulting
from the optimized phase diversity configuration are presented in Fig. 2.8.(b),
showing how the "blind spots" of one channel are covered by the "seeing spots"
of the other. This complementarity ensures that, even when one output cannot
retrieve the THz pulse due to a null in its transfer function, the other output
contains the necessary information, enabling a more complete reconstruction.
In essence, H;(Q) and H,(Q)) are designed to be complementary, providing a
diversity of information that is not available from a single channel, neither in
the dual standard EO outputs configuration. This approach necessitates the use
of signal processing algorithms to extract the full THz field information from
the probe pulse’s modified polarization state, ultimately enabling the faithful
reconstruction of even ultra-short THz waveforms that would otherwise be

distorted or unresolvable by conventional spectral encoding.
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A typical setup for implementing phase diversity involves optical polariza-
tion components and EO crystal orientation that generate these distinct phase

shifts for different detection paths, as shown in Figure 2.10.

(a) Standard EO (b) Phase diversity EO
THz polarization
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Figure 2.9: Comparison of standard EOSD and phase diversity EO : (a) In
standard EOSD, the laser and THz polarization are set at 0° with respect to the
crystallographic axis [-110]. (b) In phase diversity, the laser polarization is set at
45° and THz polarization is set at 90° with respect to the crystallographic axis
[-110].
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Figure 2.10: Schematic setup of a phase diversity electro-optic sampling
system: The incoming THz field interacts with a chirped probe pulse in the EO
crystal with proper polarization orientations. After the EO crystal, the probe
pulse is split into two, each configured to produce a unique and complementary
spectral modulation before being sent to ultrafast spectrometers or time-stretch
detectors. This allows for the acquisition of multiple output signals with distinct
transfer functions, which are then used in a reconstruction algorithm.
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2.4.3 Reconstruction using the Maximum Ratio Combining
(MRC) algorithm

The successful implementation of phase diversity relies on a reconstruction algo-
rithm capable of combining the information from the multiple, complementary
output channels to recover the true THz waveform.

The Maximum Ratio Combining (MRC) algorithm is a powerful technique well-
suited for this purpose [93]. It is designed to optimally combine signals from
multiple receivers, especially in scenarios where different channels may experi-
ence varying degrees of signal degradation or have complementary information,
as is the case with the interleaved nulls in phase diversity.

Originating from telecommunication, MRC has been widely used in wireless
communication to improve the performance of receivers and mitigate fading
effects due to interference [94].

Its application was later extended to photonic systems, notably implemented
with photonic time stretch analog-to-digital converters (ADCs) to achieve high-
bandwidth RF signal acquisition [92].

1. Principle of the MRC algorithm for DEOS :
The MRC algorithm utilizes both transfer function H; »(€2), to compute and
retrieve the true phase retardation spectrum A(:‘Ere”(Q).

The combined retrieved spectrum is given by:

Hi(Q)Y,(Q) + Hy(Q)Y,(Q)
H(Q)+H;(Q)

AP™(Q) = (2.13)

Here, Y; (Q) and YZ(Q) represent the normalized and subtracted measured out-
put signals from the two channels.
In the special case of phase diversity, H;((2) and H,(Q) the two transfer function
are given by :

H{(Q) = \/ECOS(BQ2 + Q)

H,(Q) = —V2cos(BQ? - ) (2.14)

It is critical to note that the denominator in Equation 2.13 is H3(Q) + H3(Q).
This sum is essential as it ensures that if one transfer function exhibits a null
at a specific frequency, the other ideally does not. This arrangement prevents
division by zero and facilitates a robust combination of information across the

spectrum.
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2. Fitting parameters B and ¢ :

In the MRC algorithm a practical difficulty arises from the fact that the param-
eters B (related to the chirped probe pulse dispersion) and ¢ (related to the
polarization orientation within the EO crystal) in Eq.2.14 are generally unknown
experimentally. This unknown makes the determination of the transfer func-
tions difficult. To overcome this issue, E.Roussel et al developed an algorithm
designed to recover these parameters directly from the experimentally measured
spectra Y;(Q) and Y,(Q) thus enabling an accurate retrieval of the induced phase
shift [18].

The algorithm begins by considering a predefined range of values for B and ¢.
For each combination within this parameter space, a set of hypothetical transfer
functions, H{*"(Q) and H;"(Q) is calculated using Eq. 2.14.

Using these hypothetical transfer functions, a reconstructed THz phase shift
spectrum, Aare”(()), is then calculated for every single combination of B and ¢.
This calculation is achieved by applying Equation 2.13 to the measured output

signals :

_ H[(Q)T(Q) + HE(Q) To(0) (2.15)

A(Pretr(Q) ; 5
H{etr (Q) + H;etr (Q)
With the hypothetical AarEtT(Q) obtained, the expected spectra of both polariza-

tion signals, Y;(Q) and Y,(Q) can be reconstructed using the relationship :

eretr(Q) ~ leetr(Q)A('Eretr(Q)

_ — (2.16)
eretr(Q) ~ H;etr(Q)A(Pretr(Q)

A classical least-squares fitting approach is employed to find the reconstruction
error ¢. This error quantifies the discrepancy between the reconstructed signals

and the experimentally measured signals :

+00
= [ IR -TQP T T (217)
The algorithm systematically iterates through the parameter space of B and ¢,
identifying the combination that minimizes this error ¢. This minimum error

corresponds to the optimal values for B and ¢.

3. Final reconstruction:

Once the optimal values of B and ¢ are determined, the correct transfer func-
tions H;(Q) and H,(Q) can be precisely established. This allows for the final,
distortion-free retrieval of the induced phase shift, A¢p""(Q)) using Equation
2.13.
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Finally, by applying the Inverse Fourier Transform (IFT) to A¢’*!"(Q), one ob-
tains the temporal profile of the THz electric field, A¢p™"" (t).

This algorithm is summarized in Figure 2.11, which illustrates the iterative
process of parameter estimation and signal reconstruction. Figure 2.12 provides
a numerical representation of how the MRC algorithm effectively combines the

two complementary channels to achieve a distortion-free recovery of the input

Ap(t).
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</ no. e )
/
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Figure 2.11: Complete workflow of the MRC algorithm : The algorithm iter-
atively determines the optimal B and ¢ values by minimizing the difference
between experimentally measured signals and those reconstructed using itera-
tive parameters. Once optimized, the true THz waveform is retrieved.

4. Applications:

By doing so, one can effectively overcome the inherent temporal resolution lim-
itations associated with the cosine-shaped transfer function of single-channel
EOSD, even for long chirped pulses or analysis windows.

This phase diversity technique has been demonstrated to be highly efficient
for single-shot EOS measurements of THz signals. Its utility has been partic-
ularly validated in the context of particle accelerators, notably by measuring
the shape of a 200 fs RMS electron bunch at the European X-ray Free Electron
Laser (EuXFEL) [18]. More recently, it has also proven effective in measuring
coherent transition radiation (CTR) THz spectra in single-shot at the TeraFERMI
facility [95]. More detailed and information about phase diversity method and
MRC algorithm applied to DEOS can be found in this paper [18].
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Figure 2.12: Numerical simulation of THz signal reconstruction using the
MRC algorithm with phase diversity: (a) Example of two normalized and
subtracted measured outputs Y1(Q) and Y,(Q), showing the spectral distortions
introduced by the individual transfer functions. (b) Colormap showing fitting
error ¢ according to different combination of B and ¢. A minimum is found at
optimal B and ¢ parameters. (c) The successfully reconstructed THz spectrum
AP (Q)) after applying the MRC algorithm, highlighting the recovery of the
full spectral information by combining the complementary channels.

5. Conclusion:
By addressing the limitations of the system’s transfer function, phase diver-
sity opens up new possibilities for high-resolution, single-shot THz diagnos-
tics, particularly in accelerator facilities where detailed characterization of sub-
picosecond phenomena is required.

Nevertheless, the fidelity of the measurement can still be altered by other
effects such higher-order dispersion in the dispersive element before the EO

crystal.

2.5 Limitations in MRC reconstruction algorithm

The preceding subsection demonstrated a significant enhancement in the tempo-
ral resolution and fidelity of single-shot THz measurements, by combining the
diversity electro-optic technique with the Maximum Ratio Combining algorithm.
Nevertheless, despite these advancements, this section reveals that spectral en-
coding remains limited by nonlinear dispersion occurring within the chirped

probe laser.
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1. Issues Arising from Nonlinear Dispersion Relation :

The optimal performance of the MRC algorithm fundamentally relies on a
strictly linear time-to-wavelength mapping of the chirped probe pulse and a
small THz amplitude signal”.

This linear mapping depends on the dominance of the group-velocity dispersion
(B2) over higher-order terms during the initial chirping process. In practical
setups, this linearity is compromised when third-order dispersion (f3) becomes

: . : e 1 : ’ Ty \ -
important. This occurs when its characteristic dispersion length (L, = Iﬁ) is
2

comparable to or shorter than the second-order dispersion length (Lp = %),
where T is the probe pulse duration. This condition is concisely expressed

as TOM < 1. A non-negligible value for this ratio introduces significant non-

linear|€i|ies into the time-wavelength relationship.

In this case, applying the MRC algorithm under nonlinear time-wavelength
conditions leads to a degradation in reconstruction fidelity and a loss of temporal
resolution, especially for long THz signals or multi-pulse sequences. Numerical
simulations, for instance, clearly illustrate how the MRC algorithm struggles to
accurately reconstruct THz waveforms in the presence of non-negligible TOD,

as introduced in Fig. 2.13 and further demonstrated in Chapter 3.

THz encoding under nonlinear dispersion MRC reconstruction
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Figure 2.13: Numerical evidence of MRC algorithm’s fidelity degradation
under nonlinear dispersion relation : (a) Three 200 fs THz input pulses, sepa-
rated by 4 ps, encoded under a nonlinear time-wavelength relationship (black
line). The dashed line represent the chirped probe laser temporal profile. (b)
Reconstructed signals obtained by the MRC algorithm. Only one peak can be
accurately reconstruct.

"Which is always the case in our experiment
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2. Real-world implications :
The experimental time calibration within the state-of-the-art DEOS setups at
DESY (at European XFEL and FLASH), reveals a non-linear time-wavelength

relationship due to higher-order dispersion as shown in Fig.2.14.(b).

(a) Single shot optical
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Figure 2.14: Experimental time-wavelength calibration in a DEOS setup. (a)
Schematic of the electro-optic setup illustrating the method for experimen-
tal time-wavelength calibration. A sub-picosecond delay is introduced to the
chirped probe laser relative to the THz pulse, causing a corresponding shift of
the encoded THz signal (representing the electron bunch) on the measured laser
spectrum output. (b) Resulting experimental time calibration curve, plotted
against pixels (equivalent to wavelength). This curve highlights a significant
non-linear relationship between time and wavelength, which is indicative of
higher-order dispersion effects in the system.

Therefore, the application of EO techniques in real-world diagnostics, neces-
sitates a solution for taking into account the third order dispersion effects, to
restore the fidelity in our EO measurements. The development of a novel, self-
adaptive dispersion algorithm to overcome this limitations is the main objective
of Chapter. 3.
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Chapter summary

This chapter has provided an overview of electro-optic techniques, indis-

pensable tools for ultrafast THz diagnostics. We began by detailing the
principles of conventional EOS, appreciating its high temporal resolution
while noting its inherent non single-shot limitation. The discussion then
evolved to electro-optic spectral encoding, highlighting its ability to en-
able single-shot measurements. We explored different readout methods,
focusing on ultrafast cameras like KALYPSO and the photonic time stretch
technique, both pivotal in pushing spectral encoding capabilities to MHz
repetition rates, essential for accelerator-based light sources.

Despite these advancements, we thoroughly examined the intrinsic tempo-
ral resolution limitations of spectral encoding technique stemming from
the chirped probe pulse and the system’s transfer function, alongside chal-
lenges posed by non-linear dispersion. To overcome these critical barriers
and achieve high-fidelity, sub-picosecond THz waveform and electron
bunch shape measurements, the chapter underscored the necessity of a
new conceptual approach for signal processing.

Chapters 3 and 4 will detail the development of a novel, self-adaptive
dispersion algorithm to overcome MRC limitations under non-linear chirp
conditions, and its experimental validation at DESY’s EuXFEL and FLASH
facilities for high-fidelity THz pulse and electron bunch shape reconstruc-

tion.
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In physics, you don’t have to go
around making trouble; everything is

already a mess.

— Richard Feynman
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3.1 Introduction

Single-shot electro-optic diagnostics based on spectral encoding using the phase
diversity technique represent a promising approach to meet the demanding ac-
celerator diagnostic requirements. The combination of high-speed readouts (ul-
trafast cameras or Photonic Time Stretch) and this approach enables single-shot
THz measurements with hundreds of femtosecond resolution at MHz acquisition
rates. However, the reliance on spectral encoding introduces a limitation on the
fidelity of the signal reconstruction due to the vulnerability of the chirped probe
pulse to non-linear dispersion, in particular the Third-Order Dispersion (TOD).

This non-linear chirp fundamentally breaks the core assumptions of the
Maximum Ratio Combining (MRC) signal reconstruction model. The MRC
algorithm, which relies on a simple conceptual framework based on a linear-time-
invariant system model characterized by a transfer function, is conceptually ill-
suited to handle the nonlinear time-to-wavelength mapping introduced by TOD.
The resulting distortion on long or multi-pulses THz signals is severe enough to
render the reconstructed THz signal unreliable for accelerator diagnostics.

To address this challenge, one of the tasks of this thesis was to rethink the
problem from its fundamental principles, moving beyond the limiting con-
ceptual framework of the linear-time-invariant system model. This chapter,
therefore, introduces the Self-Adaptive Dispersion (SAD) algorithm, a novel
solution that breaks entirely from the linear-time-invariant paradigm. The chap-
ter begins by detailing the underlying limitations of the MRC approach in the
presence of TOD in Section. 3.2. This section uses numerical simulations to show
the degradation in reconstruction fidelity that occurs when non-linear dispersion
is not accounted for. Following this, Section. 3.3 introduces the conceptual and
mathematical framework of the SAD algorithm. This new approach exploits a
powerful analogy between the phase diversity setup and a Mach-Zehnder Modu-
lator, allowing the full complex amplitude of the chirped probe pulse (amplitude,
phase, and dispersion relation) to be retrieved simultaneously with the THz
signal. This section concludes by providing numerical validation, demonstrating
the SAD algorithm’s capacity to accurately reconstruct THz pulses even under
nonlinear chirp conditions. Finally, Section. 3.4 provides a table-top experimen-
tal proof-of-principle, comparing the SAD reconstruction to a conventional THz

scan to demonstrate accurate THz signal retrieval.
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Note on computational model parameters used in this chapter

All numerical results and analyses presented in this chapter are derived

from simulations conducted under the conditions outlined in Table 3.1.
These parameters define the properties of the laser source, the optical
stretching element, the incident THz pulse, and the electro-optic detection

crystal, forming our computational model.

Laser parameters
Ao 1030 nm
AA 39 nm FWHM
(9 40 fs FWHM

Stretch parameters

B2 24 ps?/km
B3 | Oor 0.1 ps®/km
Ly 3m
THz parameters
ETH, 2 kVm™!
Agpphd 90 mrad

thil | 0.2 ps FWHM
EO crystal (GaP)

no 3.1
T4y 0.97 pmV~!
d 5 mm

Table 3.1: Numerical simulation parameters

TL Chirped probe laser
“ Eo (L1 = 0,1) Li=3m T1 = Several ps

fs laser @ H_

A = 1030 nm Dispersion fE_—
AN = 39 nm FWHM By = 24 ps?/km 00( 1 )
7, = 40 fs FWHM Bs = 0 or 0.1 ps? /km

Figure 3.1: Illustration of the Numerical Generation of the Chirped Probe
Laser Pulse for Spectral Encoding. A femtosecond (fs) laser pulse, characterized
by a center wavelength 1y = 1030 nm, and a Fourier-limit pulse duration of
1; = 40 fs FWHM , is stretched by propagating through a dispersive fiber! of
length L; = 3 m. The fiber imparts? second-order dispersion f, = 24 ps?/km ,
and optionally, third-order dispersion 3 (either 0 or 0.1 ps®>/km). This process
transforms the short input pulse Eyo(L; = 0,¢) into a linearly (or nonlinearly)
chirped probe pulse Ey(L,t) with a duration T; of several picoseconds, which
is then used for spectral encoding.
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3.2 Limitations of the MRC algorithm : Mechanisms

of failure under nonlinear chirp conditions

This section provides a detailed analysis of the MRC algorithm’s behavior under
nonlinear chirp conditions, explaining its failure. The failure occurs when
the Third-Order Dispersion (TOD) becomes significant, specifically when its
characteristic length, Lb, is comparable to or shorter than the second-order
dispersion length Lp [96].

3.2.1 Time invariance breaking by third-order dispersion

3.2.1.1 Numerical evidence of time invariance breaking

The MRC algorithm fundamentally relies on the concept of transfer functions,
which are only valid in linear-time invariant (LTI) systems. This implies that
the system’s impulse response must remain consistent regardless of when the
input signal (e.g., an electron bunch or THz signal) is applied. In the spectral
decoding method, the input signal is encoded onto a chirped probe laser pulse.
To model this chirped probe, we consider the propagation of a femtosecond laser
pulse through a dispersive medium, such as an optical fiber! of length L. This
stretching process is illustrated in Figure. 3.1. The chirped probe laser pulse is

defined by its electric field Egy(L;,t) under the slowly varying approximation?:

EoolLi )= 5= | Euolli =0.0exp(idaplLi (@) do  (312)

—00

With ¢disp(L1’ (Cl))) = %szl + %w?’L] + O(C()4L1) (31b)

Here, Eyy(L; = 0,w) represents the spectrum of the input femtosecond laser
probe, f3, is the group velocity dispersion (GVD) coefficient, and g3 is the third-
order dispersion (TOD) coefficient. Therefore, the time ¢ is strongly linked with
the wavelength due to this dispersion.

To investigate the effects of dispersion, a computational model was employed.
When only second-order dispersion (f3 = 0) is considered, a linear relationship
exists between time and wavelength. In this scenario, encoding three identical
short pulses (approximated as Dirac delta functions) at different times onto the

linearly chirped probe results in identical impulse responses (see Fig.3.2(a) and

(b))

!This model remains general, as it can be extended to represent the effect of any dispersive
optical element.
2Here, we assume zero nonlinear effects (y = 0) in the optical fiber
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Figure 3.2: Numerical demonstration of time invariance breaking in the EO
system and its effect on MRC reconstruction : Panels (a)-(c) Results under pure
second-order dispersion (3 = 0). The dashed line in (a) and (d) represents the
temporal profile of the chirped probe laser. (a) Three input pulses of 200 fs
with 4 ps separation under a linear time-wavelength relationship. (b) Resulting
identical impulse responses from the system. (c) Reconstruction of all three
input pulses by the MRC algorithm, confirming time-invariance. Panels (d)-(f)
Results with third-order dispersion present (B3 = 0). (d) Three input pulses of
200 fs with 4 ps separation under a nonlinear time-wavelength relationship.
(e) Resulting non-identical impulse responses, exhibiting varied amplitude and
chirp. (f) Failure of the MRC algorithm to reconstruct the input pulses due to
the system’s time-invariance breaking, particularly for those off the linear fit (d).

This confirms that the EO system effectively behaves as an LTI system under
these conditions, allowing the MRC algorithm to fully reconstruct the input
pulses (Fig.3.2(c)).

However, in the general case, the presence of higher-order dispersion in
the chirped probe laser introduces a nonlinear relationship between time and
wavelength (Fig.3.2(d)). The same computational model, when incorporating
third-order dispersion, reveals distinct impulse responses for the three pulses
Fig3.2(e). This critical observation highlights the time invariance breaking
within the EO system. As a direct consequence, applying the MRC algorithm
prevents the complete reconstruction of the three short input pulses (Fig.3.2(f)).
Specifically, the MRC algorithm’s dispersion fitting parameter B converges to a

linear approximation of the nonlinear time-wavelength relationship.
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This explains the relatively effective reconstruction of the central pulse, where
the linear fit closely aligns with the actual nonlinear dispersion curve, while
the other two pulses exhibit unsuccessful reconstruction with an asymmetric
broadening, directly attributable to the influence of third-order dispersion.

Therefore, the EO system can no longer be accurately described by a transfer
function, leading to the ineffectiveness of the MRC algorithm. To overcome these
limitations imposed by higher-order dispersion, two potential solutions were

considered:

* Hardware solution: This involves designing the chirped probe laser to
achieve a chirp as linear as possible, through a complex and time-consuming
design using combinations of fibers and gratings. A major drawback lies
in the lack of reconfiguration and flexibility: since the hardware compen-
sation is static, the entire design process must be repeated every time the
temporal window Tj is changed. This makes the solution setup-specific

and non-portable.

* Software solution: This entails developing a new algorithm capable of
accounting for higher-order dispersion, making it universally applicable to

any EO setup, including for re-analysis of previously acquired data.

Given these considerations, we opted for the software solution. The sub-
sequent section.3.3 will introduce this new algorithm, which is designed to

self-adapt to any reasonable laser chirps.

Conceptual Illustration of MRC Temporal Focusing

Note that this box presents a conceptual illustration intended to facilitate
understanding of the mechanism of the MRC reconstruction algorithm. It
is not a literal physical equivalence.

This conceptual illustration relies on the mathematical time-space analogy
between spatial diffraction and temporal dispersion, offering an alternative
perspective for understanding the consequences and capabilities of the
MRC algorithm. The MRC operation can be conceptually illustrated by
focusing a camera lens.

Just as a camera adjusts its focal length f to obtain a sharp image at a
specific spatial plane (Figure. 3.3), the MRC algorithm achieves temporal
focusing by selecting the optimal linear dispersion parameter B = ,L; .
When the optimal linear dispersion B parameter is fitted, the MRC'’s in-
herent linear fitting process precisely matches the underlying nonlinear
dispersion at one specific temporal position. This enables a sharp, localized

pulse reconstruction at that point. This mechanism is directly similar to
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how a camera focuses. It yields a sharp image only at its focal plane, while

objects at all other positions appear blurred (as illustrated in Figure. 3.3).

Figure 3.3: Spatial illustration of the MRC algorithm’s operation: fo-
cusing a camera lens. This image illustrates how adjusting a camera’s
focal length brings objects into sharp focus at a specific spatial plane while
blurring others. This process is analogous to the MRC algorithm’s optimal
reconstruction, where adjusting the dispersion parameter B temporally
focuses the probe pulse, leading to sharp reconstruction of the THz signal
at a specific temporal position. (cf. Fig.3.2(f))

As an additional illustration of temporal focusing, Figure. 3.4 demonstrates
that adjusting the B parameter allows us to deliberately shift the temporal
focus to sharply reconstruct a different pulse, akin to re-focusing a camera

on a new target.

~ MRC algorithm MRC algorithm _
T 200 T LI N T T L —— T B
E —— Nonling ) —— Nonlinear Chirp ) 480 &
g 100F --- MRC i g --- MRC lijear fit =
[~E S | e | N s Sy oo 160 &
g — Input — Input == 3
s o 1 Ja0&
= @
= —100F 1209
O o L B (Y N . @
‘2 —200 T L T 0 £
o -8 -6 -4 -2 0 2 4 6

T

|
o]
|
o
|
IN
|
N
=] o}

N
I
o
]

L

N

o

o

-
%
i
Lt
|
q,% ] o]
=) [
o
o
Input fieldEry,(kV.m™1)

~

v
2
0]
=
=3

B
[
o
5

T
e
-

u
o
T

o

VY ]

L L L L L L L \ \ L
-8 -6 -4 -2 0 2 4 6 -8 -6 -4 -2 0 2 4 6
Time (ps) Time (ps)

Phase shift Apin(mrad)
N
w

|
N
[S]

Figure 3.4: Temporal focusing of individual pulses by B-parameter
adjustment : (a) Three 200 fs input pulses, separated by 4 ps intervals
under a nonlinear time-wavelength relation. The MRC linear fit is adjusted
for the left pulse. (b) Reconstructed THz pulse, temporally focused on
the left pulse. (c) The same input pulses under the same nonlinear time-
wavelength relation, but the MRC linear fit is adjusted for the right pulse.
(d) Reconstructed THz pulse, temporally focused on the right pulse.

“where L; represents the propagation distance and f; is the group velocity dispersion
coefficient of the first fiber used to chirp our probe laser
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3.3 A novel Self-Adaptive Dispersion algorithm for

Broadband THz Reconstruction

This section introduces a novel algorithm designed to replace the MRC method
for THz signal reconstruction, especially under nonlinear dispersion. This
innovative approach not only reconstructs the THz signal but also provides a
complete characterization of the chirped probe laser, including its amplitude,
phase, and dispersion relation (linear or not). The core of this algorithm lies in
a fundamental reinterpretation of the spectral encoding electro-optic system,
demonstrating its formal and mathematical equivalence to a Mach-Zehnder
modulator. Building on this new paradigm, we thoroughly address a specific
solution for the phase diversity system. This algorithm’s development, inspired
by optical backpropagation techniques commonly employed in Mach-Zehnder
modulators [88, 97], forms the basis of our new perspective. The complete
algorithm is presented in Fig.3.12 and detailed step-by-step within this section.
We also provide its computational model, which precisely retrieves the same

three THz pulses from Fig.3.2.(d) even in the presence of third-order dispersion.

3.3.1 Reinterpretation of DEOS: The Mach-Zehnder

modulator analogy

A direct analogy can be drawn between the phase diversity setup shown in
Fig. 3.5(a) and a Mach-Zehnder interferometer in Fig. 3.5(b). The chirped probe
laser, initially polarized at 45 degrees, naturally forms the two arms of this con-
ceptual interferometer by splitting into its vertical and horizontal polarization
components. The vertical polarization component serves as the modulated arm
E,.(t). In the phase diversity configuration, this component is phase-modulated
by the THz signal within the electro-optic crystal, ¢(t) = Aqbphd(t). In the inter-
ferometer the EO crystal can be interpreted as a phase modulator. In contrast,
the horizontal polarization comp onent acts as the reference arm Ey(t), pass-
ing through the EO crystal without being phase-modulated by the THz signal
¢,(t) = 0. While quarter-wave plates (QWP) and half-wave plates (HWP) are
essential for translating this phase modulation into amplitude modulation, they
are not explicitly depicted in the Mach-Zehnder analogy, though they would
conceptually reside within each arm. The interference in the phase diversity
setup occurs at the polarizing beam splitter (PBS), with its two outputs being
the direct result of the interference between the modulated arm E,,(t) and the

reference arm E(t).
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Figure 3.5: Analogy between the phase diversity setup and a Mach-Zehnder
interferometer. (a) The phase diversity setup. A chirped probe laser, polarized
at 45 degrees, enters the electro-optic (EO) crystal. Inside, its polarization is
conceptually decomposed into vertical and horizontal components. The vertical
component is phase-modulated by the THz signal, forming the modulated arm
E,,(w), while the horizontal component remains unmodulated, forming the ref-
erence arm Eg(w). Quarter-wave plates (QWP) and half-wave plates (HWP) then
convert this phase modulation into amplitude modulation. The two outputs
from the polarizing beam splitter (PBS) result from the interference between
E,,(w) and Ey(w).

(b) Its conceptual analogue: a Mach-Zehnder modulator. This interferometer
incorporates a phase modulator in one arm, directly corresponding to the EO
crystal’s action on the probe laser’s vertical polarization. This results in a modu-
lated arm E,,(w) and a reference arm Eg(w). While waveplates are integral to the
actual phase diversity setup, they are conceptually placed within each arm but
omitted from this simplified diagram. The resulting interferometer outputs are
formally equivalent to those of the phase diversity setup.
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We can now express the phase diversity outputs equation as two interference
equations. As established in the appendix of [18], the two outputs of the phase
diversity setup, thd(t) and Eghd(t), are given by:

phd .\ _ Ego(t) (s iAGPM(t)
Ey (1) 3 (1+i)(i-e ) (3.2a)
Eghd(t) _ Eoo(t)(1 +i)(i+eiA¢phd(t)) (3.2b)

2v2

Here, A¢P"d(t) represents THz-induced birefringence, defined in the phase
diversity case as A¢Phd(t) = %”87415THZ' and E(t) refers to the chirped probe
laser, as detailed in Equation.3.1a.

In these expressions, we recognize the components corresponding to our Mach-

Zehnder analogy, the reference arm E(t) and the modulated arm E,,(t), defined

as:
_ io(t) _ Eool(t) .
Eo(t) = |Eo(t)le T (1+1) (3.3a)
E, (1) = |E, ()] on) = B0l (g ) ingehde (3.3b)

2v2

Where |Ey(t)| and |E,,(t)| are the amplitudes of the reference and modulated arm,
respectively, and ¢((t) and ¢,,(t) are their corresponding phases.
Accordingly, the two outputs thd(t) and Eghd(t) can be rewritten in terms of

Ey(t) and E,,(t), mirroring the form characteristic of a Mach-Zehnder modulator.

EPM () = iEq () - Epu(t) (3.4a)
EPM () = iEq(t) + Epu(t) (3.4b)

The recorded outputs, typically obtained using a camera combined with a grat-

ing (spectrometer) or through a photonic time stretch method (dispersive Fourier
transform), are the two optical spectra: T?gd(a)) = |Ef2d(a))|2.
Taking the Fourier transform of thd(t) and Elz)hd(t), yields their spectral repre-

sentations, E]fhd(w) and Eghd(w):

E"(w) = iEg(@) ~ Ey(w) (3.5a)
P (w) = iEg(w) + Ep(w) (3.5b)

With Ey(w) and E,,(w) being the fourier transform of Ey(t) and E,,(t).
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The optical intensity spectra I f} }zld(a)) are obtained by squaring the modulus of

the two spectral outputs, which correspond precisely to the classical interference

equations?:
1P () = [EP" ()2 = [Eg(@)? +|Epu(@) P ~ 2/Eg(@)l|E()lsin (AGPH ()
(3.6a)
15" (@) = 1B (@) = [Eg(@)? + [En(@)? + 2{Eg ()l Eyp(w)lsin (AGPM ()
(3.6b)

Here Aaphd(a)) represents the phase difference between E,(w)and Eo(w) in the
Fourier space.

AGPM (@) = p(@) = po(w) (3.7)
With EZ;O(CU) and 5,,1(@) being the phase of Eo(w) and E,,(w) in the Fourier space.

In experimental data analysis, we prefer subtract and normalize I E gd(a)) by a
reference optical intensity spectrum, I{ezf(a)) = 2|Ey(w)|?, obtained without THz
signal. The subtraction isolates the contributions of the THz field from any
baseline, while normalization emphasizes relative changes induced by the THz
field. The subtracted and normalized outputs*, Yﬁgd((u) = Yﬁ}zld(t = -¢), are

defined as: d
() - [ (w)

hd
Y2 w) =
’ I1(w)

(3.8)

These optical intensity spectra YE };d(a)) form the starting point of our algorithm.
Applying this to Equation 3.6a yields:

|En(@)[? = |Eo(@)[? = 2|Eg(@)||E(w)] sin (AP (w))

phd .\ _

Y7 (w) = ST (3.9a)

oy En)P = Eofaf + z;g((m)l:fm(wnsin(A¢Phd<w>) 3.90)
o\w

The spectral outputs YE gd(w), shown in Figure. 3.6, exhibit strong distortions
caused by time resolution limitations. The effect of third-order dispersion is
manifested by a visible chirp and a time shift in the outer pulses. The asymmetric
distortion solely arises from the selected Gaussian shape of the probe laser

Eyo(0,w) and is unrelated to third-order dispersion.

3Note that sin(Aaphd(w)) term in the interference equations arises from C05(A$Phd(w) +7).
The additional 7 is critical for the interference condition and stems from the relative phase

between E,,(w) and Ey(w) as expressed in Eq.3.5a.
4As shown in the previous chapter.2 Yﬁgd(w) = Yﬁ}zld(t =-2)
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Figure 3.6: Numerically simulated, subtracted, and normalized optical inten-

sity spectra erflzld(a)) : Top: Three input pulses of 200 fs with 4 ps separation
under a nonlinear time-wavelength relationship. Bottom: The resulting spectral

hd . c el 1s .
outputs Yf » (w), which serve as the initial input for the reconstruction algo-
rithm?>.

With the phase diversity outputs now understood as equivalent to those of a
Mach-Zehnder modulator, we obtain a powerful new conceptual framework for

THz pulse retrieval.

3.3.2 Signal reconstruction based on Mach-Zehnder

interferometer equations

The recorded optical intensity spectra YE }zld(w), constitute the initial input data
for our algorithm. From these data, the algorithm’s core principle is to fully
retrieve and reconstruct the complex amplitude (both amplitude and phase)
of the modulated arm, E,,(w), thereby enabling the ultimate reconstruction of
the THz input pulses. This is achieved by employing the classical interference
equations and all available information concerning our Mach-Zehnder system.
The complete algorithm’s scheme is illustrated in Figure 3.12 and detailed step-

by-step in the following subsections.
3.3.2.1 Objectives of the algorithm and first step

Our objective is to determine the complex electric field E,,:

En(@) = |Eyy()le @) (3.10a)
With (@) = AGPP (@) + o (@) = APPM + paisp (L1, @) (3.10b)

>These data exhibit strong distortions due to time resolution limitations. A visible chirp and a
time shift on the two outer pulses results from third-order dispersion. Note that the asymmetric
distortion is exclusively caused by the Gaussian probe laser shape Eo(0, ) and is independent
of both third-order dispersion and time resolution limitations.
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Where L, represents the length of the first fiber used to define the temporal
recording window.

Using the sum and difference of the two interference equations.3.9a, we can
deduce the amplitude of the modulated laser, |E,,(w)| and the phase difference
Aaphd(a)) between the modulated and unmodulated laser.

|E,(w)| = |Eo(w)|\/ YPM () + Y™ (w) + 1 (3.11a)
- (x7phd, \_ |Eo(@)] phd \ yphd
sin (AGPM (@) = 2lfm(w)|(Y2 (w)— Y )) (3.11b)

We compute |Eg(w)| using a reference measurement in the absence of a THz

pulse.

ref ref
|Eo(w)|=\/11 il (@) (3.12)

The calculated |E,,(w)| and ApPP(w) using equation.3.11 are displayed in Fig-

ure.3.7.
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Figure 3.7: First step of the SAD algorithm: Retrieved Spectral Components
of the Modulated Laser: Top : Recovered amplitude of the modulated laser
|E,(w)], the three distorted pulses are visibly encoded onto the spectrum.
Bottom : The phase difference A¢P"d(w) between the modulated and unmodu-
lated laser.
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3.3.2.2 Self-adaptive dispersion curve retrieval

To fully reconstruct the complex amplitude of the modulated arm, E,,(w), it is
essential to account for the dispersion introduced to achieve the correct temporal
window. This requires knowledge of the dispersion parameters®. For a fiber?,
these include the fiber length L,, the group-velocity dispersion f3, and the third
order dispersion f3 in the case of nonlinear chirp®. Accurately estimating these
dispersion parameters can be challenging.

To address this, we have developed an innovative solution to precisely fit and
retrieve all parameters of ¢g;sp-

Fit Dispersion Parameter Map
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Figure 3.8: Dispersion parameter fitting process : (a) Colormap illustrating
the error €2 as a function of various combinations of dispersion parameters
B,L, versus B3L; (b) Reconstructed amplitudes |E,,(t)| and |E(t)|, when &2 is
minimized, demonstrating that the condition |E,,(t)| = |Eq(t)| is accurately met.
(c) Reconstructed amplitudes |E,,(t)| and |Ey(t)|, when a high &? error occurs,
illustrating amplitude differences in the region of the input THz pulses.

This approach relies on a fundamental property of our system. In the time

domain, the modulated arm, E,,(t) and the reference arm E(t) share the same

®Note that this self-adaptive dispersion retrieval step can be bypassed, if the dispersion
parameters are known beforehand.

’The method described here for fitting dispersion parameters is applicable to any dispersive
element

8The method can also be extended to fit higher-order dispersion terms, such as 4,85
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amplitude, only their phases differ. This means that the modulated arm under-
goes a pure phase modulation.

The spectral representations of these arms are given by:

Eo(w) = |Eg(w)|e’ Paisp(F1) (3.13a)

E, (@) = |E,,(w)[e/(Paisp(L10)+A¢P (@) (3.13b)

Based on the time-domain property, when we correctly reconstruct the complex
amplitudes of E,,(w) and Ey(w), the condition |E,, ()| = |Ey(t)| will be satisfied.
Therefore, to find the correct dispersion parameters, we minimize the following
quantity:
+00

= [ IO - IEatPas (319
Figure 3.8 illustrates the entire fitting process, including the error landscape de-
rived from this minimization Fig.3.8(a) and the amplitude reconstruction results

under both optimal Fig.3.8(b) and incorrect parameter estimations Fig.3.8(c).

3.3.2.3 Retrieving the THz electric field: The final algorithmic steps

With the dispersion parameters accurately fitted and the complex spectral am-
plitudes E,(w) and Ey(w) correctly established, the final step is to reconstruct
the THz pulse. We achieve this by performing an inverse Fourier transform on
these spectral representations to retrieve their corresponding complex electric
fields in the time domain, E,,(¢) and E(¢):

Eo(t) = |Eg(t)|e’Po® (3.15a)
E, (1) = Eo(t)e! A" ®) (3.15b)

From these time-domain fields, the THz-induced phase difference, A(j)phd(t), can
be directly accessed by taking the argument of the ratio of the modulated and

unmodulated arms
E,,(t)

ApPR(t) = Ar 3.16
#°"(1) = Arg( ) (3.16)
Finally, the THz electric field, Etyy,(t) is straightforwardly obtained by dividing
this phase difference by the electro-optic coefficient g£° = "Tdngnn :
A phd(t)
Erp(t) = —(Z,EO (3.17)

Where A is the laser wavelength, d is the crystal thickness, n is the refractive

index of the crystal at the laser wavelength A, r4; is the electro-optic coefficient.
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Figure 3.9 provides a visual comparison of the reconstructed THz pulses ob-
tained using the MRC algorithm and this new approach under third-order
dispersion, clearly demonstrating its effectiveness.
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Figure 3.9: Final reconstruction step of the SAD algorithm: Comparison
of THz pulse reconstruction methods under third-order dispersion: Top:
Three 200 fs input pulses at 4 ps intervals with third-order dispersion. Bottom:
Reconstructed THz pulses using the MRC algorithm (left) and the new algorithm
(right). The new method demonstrates improved accuracy by fully retrieving
the dispersion curve, a significant advantage over the MRC algorithm’s linear fit
approximation.

This completes the comprehensive framework for our THz pulse reconstruction
algorithm, which starts from the recorded optical intensity spectra and culmi-
nates in the recovered THz waveform. With the comprehensive framework for
our novel THz pulse reconstruction algorithm fully detailed, the next logical
step is to demonstrate its practical application and accuracy, which we undertake

in the following section through experimental validation.
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SAD Algorithm: A Generalized Framework Encompassing MRC Algorithm

The SAD algorithm offers a highly flexible approach by directly fitting
the full dispersion phase, ¢4;5,. This allows for precise control over the
dispersion terms, enabling it to compensate for high-order effects (beyond
third-order dispersion) or to be intentionally limited to only the Group
Velocity Dispersion (GVD) term.

When the SAD algorithm is restricted solely to GVD compensation (i.e.,
neglecting third-order dispersion), its behavior become mathematically
equivalent to the MRC algorithm. This comparison, demonstrated in
Figure . 3.10, shows that the reconstructed THz pulses from both methods
are highly similar and share the same characteristic distortion caused by
the uncompensated higher-order dispersion.

This agreement serves to validate the new SAD framework by replicating
the MRC results under nonlinear dispersion when the SAD is intentionally
limited to a linear fit chirp. Furthermore it confirms that the SAD algo-
rithm is a more general and powerful method that encompasses MRC as a

specific, limited case.
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Figure 3.10: Equivalence of the MRC and the SAD algorithm restricted
to GVD-only compensation : (a) Input pulses and linear fit provided by
the MRC algorithm under nonlinear dispersion. (b) THz pulse reconstruc-
tion obtained using the MRC algorithm. (c) Input pulses and linear fit
(intentionally restricted to GVD-only) provided by the SAD algorithm
under nonlinear dispersion. (d) THz pulse reconstruction using the SAD
algorithm under the GVD-only restriction. Note that (b) and (d) are highly
similar, confirming that SAD algorithm generalizes the MRC algorithm.
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Notes on large THz electric field amplitudes

The reconstruction of large THz electric field amplitudes is limited by the

reconstruction algorithms.

The MRC algorithm relies on the small-angle approximation (i.e,
AP (t) << 1), leading to reconstruction distortion when the induced
phase shift is large (e.g., 1.5 rad, as shown in Figure. 3.11.(a) under linear
dispersion).

The SAD algorithm offers improved performance but is inherently re-
stricted by the domain of the sin™!(x) function used for phase extraction
in equation.3.11, limiting the measurable THz-induced birefringence to a
maximum phase shift of +7. This means the algorithm becomes ineffec-
tive for THz electric fields that induce shifts beyond this range, though
it successfully reconstructs large signals below this limit (Figure. 3.11.(b)
shows a successful 1.5 rad shift reconstruction under linear dispersion).
A potential solution for reconstructing even higher THz fields involves
adding a third output channel to the phase diversity setup. This approach
would make the phase diversity system functionally equivalent to a Mach-
Zehnder interferometer with three outputs. The three outputs are then
used to determine the amplitude, cosine, and sine of the induced phase
shift, as demonstrated in Ref. [98, 99] and the Supplemental Material of
Ref. [100] . By enabling the use of the tangent function for phase extraction,
this modification overcomes the sin™!(x) limitation (£%) inherent to the
two-channel using the SAD algorithm. This extends the measurable range

to the full interval of [-7t,7t], allowing for the reconstruction of higher THz

field amplitudes.
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Figure 3.11: Comparison of the MRC and SAD algorithms for large-
amplitude THz reconstruction under linear dispersion: (a) Recon-
structed THz pulse using the MRC algorithm showing distortion when
the induced phase shift (A¢(t)) is large (e.g., 1.5 rad), resulting from the
breakdown of the small-angle approximation cos(x) ~ x. (b) Reconstructed
THz pulse using the SAD algorithm, which successfully reconstruct the
large 1.5 rad phase shift as this value remains within the inherent £7% limit
imposed by the sin~!(x) function used for the phase extraction.
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Figure 3.12: Complete workflow of the novel THz pulse reconstruction algo-
rithm. This detailed flowchart outlines every mathematical step of the algorithm,

from the initial recorded optical intensity spectra ?Egd(w) derived from the
Mach-Zehnder modulator analogy (Equations 3.10-3.12), to the final reconstruc-
tion of the THz electric field Ery,(f). Key stages include the calculation of the
modulated arm’s amplitude |E,n(w)| and phase difference Agphd(w) (Equation
3.13), followed by a dispersion parameter fitting process using the minimization
of ¢? (Equation 3.16) to accurately account for linear and nonlinear chirp. The
algorithm culminates in the inverse Fourier transform to obtain time-domain
fields E,,(t) and E((t), from which A¢Phd(t) and ultimately Ery,(t) are derived
(Equations 3.17-3.19). This comprehensive approach allows for robust THz
signal recovery even in the presence of nonlinear dispersion.
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3.4 Experimental validation: A proof of principle

using laser-generated THz pulses

We apply this new algorithm to a reference dataset, originally acquired prior to
this thesis and published in the phase diversity EO paper [18]. This dataset is
particularly valuable for a proof of principle because its single-shot reconstruc-
tions can be directly compared against well-established electro-optic scanned
data, providing a reliable, known THz pulse shape. While this experimental data
does not exhibit strong third-order dispersion and contains only a single THz
pulse, which allows the MRC algorithm to perform adequately and focus clearly,
it nonetheless serves as a critical benchmark for confirming our new approach’s

fundamental accuracy and practical performance on real-world measurements.

3.4.1 Experimental apparatus for THz

characterization : DEOS single-shot vs scanned EOS

The experimental data analyzed by the new algorithm were acquired using
the setup shown in Fig.6.3. The setup was designed for operational flexibility,
allowing the grating stretcher to be bypassed or operated without altering overall
alignment. This versatility enables the analysis of laser-based terahertz pulses’
using two distinct methods: single-shot diversity electro-optic detection with
chirped pulses, providing a 20 ps temporal window, or traditional electro-optic
scanning by delaying femtosecond laser pulses relative to the THz signal. This
dual capability was essential for validating our single-shot method, as it enabled
direct comparison of reconstructed DEOS results from our new algorithm against

corresponding scanned EO signals.

3.4.2 Applying the novel SAD algorithm: Experimental

tabletop validation results

The validation begins by outlining the reconstruction procedure, starting with
the raw DEOS outputs required as inputs by the algorithm. This is followed
by the intermediate needed calculation to estimate the dispersion parameters
using the self-adaptive fitting method, and finally, a direct comparison of the

reconstructed signal against the known scanned THz reference data.

These pulses are produced via optical rectification of 800 nm millijoule-range laser pulses in
a Zinc Telluride (ZnTe) crystal.
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Figure 3.13: DEOS experimental apparatus for laser-based THz pulse record-
ing : (a) This figure illustrates the experimental setup used for comparing
traditional electro-optic scanning with single-shot Diversity Electro-Optic Sam-
pling (DEOS) for recording laser-based THz pulses. Key components include
: ZnTe: 1 mm-thick, 110-cut Zinc Telluride crystal, HWP: Half-wave plates,
QWP: Quarter-wave plate, PBS: Wollaston polarizing cube beam-splitter. (b)
Representative raw camera image showing the recorded single-shot spectra:

the two polarization outputs with THz pulses T})gd(w) and without THz pulses

T{f’zf(a)), along with the unmodulated laser spectrum |Ey(w)|®>. Figure adapted

from [18].

3.4.2.1 Raw experimental data: processed DEOS outputs for
algorithm input

The subtracted and normalized EO signal !° Ylfflzld(w) = Yfgd(t = —¢) derived
from the recorded optical intensity spectra ngd(w) and Tfezf(a)) as shown in
Fig.6.3.(b)), are presented in Fig.3.14. As expected from the phase diversity
configuration, the two outputs exhibit distinct spectral shapes. Their character-
istics, when compared with scanned and reconstructed data, notably highlight
the time resolution limitations inherent to classical spectral decoding methods.
Furthermore, the reflection of the THz pulse within the electro-optic crystal is

clearly visible in these outputs.
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Figure 3.14: Subtracted and normalized experimental outputs Yfgd(a)) : These
figures display the raw experimental data, processed by subtraction and normal-
ization, which serve as the direct input for our new algorithm. Distinct shapes
are observed for the two outputs, reflecting the phase diversity configuration.
The notable distortions compared to the scan data in Fig.3.17 correspond to the
time resolution limitations discussed in Section.2.4

. . h h
10As shown in the previous chapter.2 ?szd(a)) = ?Ezd(t =-2)
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3.4.2.2 First step of the SAD algorithm: extracted modulated amplitude and

phase difference

Applying Equation 3.11 to the processed EO signals ?ﬁgd(w), we retrieve the
modulated amplitude |E,,(w)| and the phase difference A(Ephd(a)). As shown in
Fig.3.15.(a), the difference between the retrieved modulated amplitude |E,,(w)|
and the reference unmodulated amplitude |Ey(w)|, clearly exhibit the encoded
THz pulse and its reflection within the EO crystal onto the modulated amplitude.
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Figure 3.15: First step of the SAD algorithm : Experimentally retrieved spec-
tral components of the modulated laser: (a) Recovered amplitude of the mod-
ulated laser |E,,(w)|, showing the encoded THz pulse and its reflection onto
the spectrum. (b) The phase difference A¢pP'(w) between the modulated and
unmodulated laser. Note that the w axis has been expressed in time unit for
clarity (w = —Ct). The final reconstruction step is presented in Figure 3.17.

3.4.2.3 Experimental dispersion parameter estimation: application of the

self-adaptive fitting method

Figure.3.16.(a) presents the colormap of the minimized quantity 2, clearly in-
dicating a well-defined minimum. This minimum corresponds to the optimal
fitting condition where the temporal amplitudes of the modulated |E,,(¢)| and
unmodulated |Ey(w)| arms are made as identical as possible, as illustrated in
Fig.3.16.(b). Figure 3.16.(c) displays the retrieved dispersion curve, character-
ized by its key parameters ;L and $3L,. The dispersion relation is found to
be predominantly linear, with the third-order dispersion being notably weak

relative to the group velocity dispersion.
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Figure 3.16: Experimental dispersion parameter fitting process : (a) Colormap
illustrating the error £2 as a function of the dispersion parameters 8,L; and 3L,
showing a distinct minimum. (b) Reconstructed temporal amplitudes |E,,(t)| and
|Eg(w)| at the minimized &2, demonstrating their near-perfect identity. (c) The
experimentally retrieved chirp, including the fitted parameters, $,L; and 3L,
indicating a predominantly linear dispersion with weak third-order contribution
relative to the group velocity dispersion.

3.4.2.4 Validation through direct comparison with scanned THz data

Figure 3.17(a) presents a comparison between the reconstructed THz pulse,
from our new algorithm’s DEOS data, and the reference THz pulse obtained
via traditional electro-optic scanning. Their shapes are found to be in excellent
agreement. Remarkably, the reconstruction accurately reproduces subtle fea-
tures, including the small oscillations observed between 10 and 20 ps. These
oscillations are attributed to water vapor absorption in air and reflections within

the silicon plate at 15.5 ps, further validating the algorithm’s fidelity.
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Figure 3.17: Final reconstruction step of the SAD algorithm: Comparison of
reconstructed THz pulse (DEOS) with reference scanned data : (a) Overlap
of the THz pulse reconstructed by the new algorithm from single-shot DEOS
data (red line) and the reference THz pulse obtained via traditional electro-optic
scanning (green line). The excellent agreement confirms the new algorithm’s
accuracy. Fine details, such as oscillations from water vapor absorption and
silicon plate reflections, are accurately reproduced.
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These results conclusively confirm the effectiveness of this new reconstruction
algorithm, demonstrating its ability to accurately retrieve both the THz pulse

waveform and the dispersion parameters from the experimental data.

Chapter summary

This chapter examined the fundamental limitations of the MRC algorithm
when applied to phase diversity electro-optic measurements, particularly
in the presence of third-order dispersion. Through numerical simulations,
we unequivocally demonstrated how TOD breaks the time-invariance of
the EO system, rendering the MRC algorithm’s underlying linear time-
wavelength assumption invalid and leading to inaccurate THz pulse re-
constructions. This failure underscored the pressing need for an advanced
reconstruction method, based on a new conceptual framework, to accu-
rately handle higher-order dispersion.

To address this challenge, we developed and introduced a novel, self-
adaptive dispersion algorithm for THz signal reconstruction. This al-
gorithm builds upon a powerful conceptual and mathematical analogy
between the phase diversity setup and a Mach-Zehnder modulator, en-
abling the retrieval of both the THz signal and the full complex amplitude
(amplitude, phase, and dispersion relation) of the chirped probe laser. The
detailed mathematical framework and computational model of this new
approach were presented, demonstrating its theoretical capacity to accu-
rately reconstruct THz pulses even in the presence of complex, non-linear
dispersion. Furthermore, unlike the MRC algorithm, the SAD algorithm
enables the reconstruction of higher THz fields (up to an equivalent phase
shift of +7), expanding the range and fidelity of measurable signals.

The algorithm’s effectiveness was experimentally validated using previ-
ously acquired data, demonstrating its performance for accurate THz
signal retrieval against known reference pulses.

To conclude, by moving beyond linear assumptions, this method offers
a more precise characterization tool for accelerator facilities and THz
sources. The technique’s performance and inherent adaptability enable
its practical implementation in routine accelerator diagnostics, making it
ready for future challenges.

Therefore, Chapter 4 shifts the focus to the practical application of this
method. We will discuss its integral role in routine single-shot EO acceler-
ator diagnostics at DESY, specifically for the EuXFEL and FLASH facilities,
demonstrating its real-world impact.




Chapter I

Single-Shot DEOS diagnostics with
the SAD algorithm: Results from
EuXFEL and FLASH

To see something new, one must

build something new.

— Georg Christoph Lichtenberg
(Motto of Bjern Wiik)

4,1 Introduction

Chapter 3 established the theoretical framework and initial experimental vali-
dation of the Self-Adaptive Dispersion (SAD) algorithm, a novel reconstruction
algorithm developed to restore high-fidelity signal measurements in Diversity
Electro-Optic Sampling (DEOS) by taking into account the nonlinear dispersion
of the chirped probe pulse.

This chapter now transitions the SAD algorithm from a mathematical frame-
work and proof of principle to a robust, practical application, directly combining
it with the DEOS experimental setups at EuXFEL and FLASH. This practical
integration necessitated key hardware component upgrades on both duplicated
DEOS setups. These modifications were made to enable single-shot dual-output
acquisition (i.e., recording both DEOS outputs simultaneously), thereby fulfill-
ing the requirements for single-shot electron bunch characterization at MHz
repetition rates. Therefore, the primary objective of this chapter is to prove
that this upgraded DEOS system, in combination with the SAD algorithm, is
capable of enabling the high-fidelity, single-shot, MHz-rate diagnostics essential

67
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for routine FEL operation at DESY.

To structure this proof, the chapter first introduces the key operational char-
acteristics of the EuXFEL and FLASH facilities and highlights the relevance
of longitudinal electron bunch diagnostics, including electro-optic methods,
for their operation. The DEOS experimental apparatus is then detailed in Sec-
tion. 4.2. These duplicated setups, implemented with minor differences across
the EuXFEL and FLASH accelerator environments, also demonstrate the robust-
ness and adaptability of the SAD algorithm.

The core results are then presented in two phases, beginning with the DEOS-
SAD system’s performance at EuXFEL. The section. 4.3 first provides preliminary
results, obtained prior to the dual-output simultaneous acquisition upgrade,
which demonstrate the minimum temporal resolution achievable during vari-
able electron bunch compression. Building upon this, we then detail the first
single-shot electron bunch measurements using the new dual-output acqui-
sition upgrade, alongside statistics on arrival time and bunch length. This
section concludes with a performance comparison between the SAD algorithm
and the conventional MRC algorithm. Finally, we present the results from the
DEOS-SAD system at FLASH in Section. 4.4, where measurements under various
compression and charge settings confirm the system’s operational versatility and

suitability for routine diagnostics across varied accelerator settings.
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4.1.1 The EuXFEL facility

The European X-ray Free-Electron Laser (EuXFEL) in Hamburg, Germany, is a
3.4 km underground accelerator, shown in Figure 4.1, that generates extremely
intense, femtosecond X-ray pulses for groundbreaking research across diverse

scientific fields.

Figure 4.1: Overview of the DESY Campus and EuXFEL/FLASH Accelerators
: (a) An aerial view of the DESY campus in Hamburg, Germany, highlighting
the EuXFEL and FLASH facilities (marked by the red lines). EuXFEL injector
is on the right, leading to the beamlines on the left. Credit: European XFEL /
Luftaufnahmen: FHH, Landesbetrieb Geoinf. und Vermessung. (b) A view inside
the EuXFEL underground tunnel, showing the superconducting linac (yellow)
through which relativistic electron bunches travel. Credit: DESY / Dirk nolle

4.1.1.1 Key characteristic of EuXFEL

EuXFEL stands out for its superconducting linear particle accelerator (linac), a
distinctive feature that enables it to accelerate long electron bunch trains at a
high repetition rate [4]. Table 4.1 summarizes the main operational parameters
of the EuXFEL accelerator.

1. Electron bunch length and compression

The EuXFEL accelerator supports electron bunch charges ranging from 20 pC to
1,000 pC [32]. After compression, the resulting bunch lengths can vary from 3
fs to 150 fs (FWHM) [101].

To achieve the desired short bunch lengths, EuXFEL employs a three-stage
bunch compression system, which divides the linac into three distinct sections
(L1, L2 and L3). See Figure 4.2(a). Each magnetic chicane within this system is
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widely tunable, providing flexibility in compression scenarios. This tunability
is crucial for balancing parameters like peak current and arrival time stability

with overall accelerator performance.
2. Electron bunch distribution and beamlines

A defining characteristic of EuXFEL is its ability to accelerate up to 2700 electron
bunches within a single 600-us-long RF pulse, achieving a maximum intra-train
repetition rate of 4.5 MHz. With the RF pulse repeating at 10 Hz, this facility
can generate up 27 000 X-ray pulses per second, corresponding to each electron
bunch.

The overview of this electron bunch structure is provided in Figure 4.2(b).
These electron bunches are precisely distributed among three separate undulator
beamlines (SASE1, SASE2, SASE3), where they produce tunable, femtosecond
X-ray pulses spanning wavelengths from 0.05 nm to 4.7 nm (25 keV to 260 eV).
A sophisticated distribution system, which uses multiple fast, high-precision
kickers, can individually guide electron bunches to any beamline. This facilitates
the simultaneous operation of multiple experiments [102]. Furthermore, an up-
stream kicker system can deflect single bunches into a dump beamline, offering
complete flexibility in tailoring bunch patterns for each electron beamline while
maintaining constant beam loading in the linac [103].

Figure 4.2(c) illustrates the three beamlines and their respective applications.

Parameter Design Unit
Energy range 8-17.5 GeV
Bunch charge 20-1,000 pC
RF pulse repetition rate 10 Hz
RF pulse length 600 us
Intra-train repetition rates 4.5 MHz
No. of bunches within the RF pulse 1-2,700

Bunch length (FWHM) 3-150 fs

Table 4.1: Key performance parameters of the European XFEL accelerator [4]

4.1.1.2 EuXFEL’s EO diagnostic station

The electro-optic detection system, central to this thesis, is strategically installed
within the EuXFEL accelerator tunnel. It is positioned downstream of the second
bunch compression chicane, where the electron beam energy is approximately
700 MeV. Its precise location is indicated in Figure 4.2(a). At this diagnostic
station, the EO system is designed to provide a time resolution that matches

the expected RMS bunch lengths, typically ranging from 200 fs to 300 fs for



4.1. Introduction 71

bunch charges between 100 pC and 1 nC [104]. This placement and optimized
time resolution are essential for accurately characterizing the electron bunches
after a significant portion of their compression, providing essential data for

understanding and optimizing the FEL’s performance.
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Figure 4.2: EuXFEL accelerator layout, electron bunch structure, and beamline
distribution. (a) Schematic representation of the EuXFEL linear accelerator,
employing a three-stage bunch compression system. The EO diagnostic sta-
tion is located downstream the second bunch compressor. (b) Illustration of
the EuXFEL’s bunch structure, showing multiple electron bunches at 4.5 MHz
within a single 600-us RF pulse train, with a burst repetition rate of 10 Hz. (c)
Schematic overview of the three distinct undulator beamlines at EuXFEL (SASE1,
SASE2, SASE3) and their applications, demonstrating how electron bunches are
distributed to enable simultaneous experiments.
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4.1.2 The FLASH facility

The Free-electron LASer in Hamburg (FLASH) at DESY, is renowned as the

world’s pioneering free-electron laser operating in the XUV and soft X-ray

range [105]. Operational for the photon science user community since 2005,
FLASH produces extremely intense, ultrashort X-ray laser flashes, enabling the

direct observation of atomic and molecular dynamics on femtosecond timescales.

The facility achieves laser amplification and saturation through the Self-Amplified
Spontaneous Emission process (a detailed explanation of SASE FEL can be found

in Section 1.4.2). A bird’s eye view of the DESY campus, including the FLASH

facility, is presented in Figure 4.1(a).

4.1.2.1 Key characteristic of FLASH

FLASH is a superconducting linear accelerator facility that currently operates
two parallel SASE beamlines: FLASH1 and FLASH2, as depicted in Figure 4.3(a).

Table 4.2 summarizes the key operational parameters for the FLASH accelerator.

Parameter Design Unit
Energy range 0.35-1.35 GeV
Bunch charge 0.01-1.2 nC
RF pulse repetition rate 10 Hz
RF pulse length 500 Us
Intra-train repetition rates 0.04-1 MHz
No. of bunches within 1-500

the RF pulse

(shared between FL1 & FL2)

Bunch length 20 fs

Table 4.2: Key performance parameters of the FLASH accelerator [106]

1. Electron bunch distribution and beamlines

At FLASH, electron bunches are generated by illuminating a Cs,Te photocathode
with ultraviolet laser pulses, producing initial bunches with a charge of 0.2 to
1 nC, a peak current of 50-100 A, and an RMS length of approximately 4 ps.
These bunches are produced in pulse trains (or bursts) that typically have a
repetition rate of 10 Hz. Each train can consist of 1-500 bunches with a spacing
of 1 us, resulting in a 1 MHz intra-train repetition rate [106]. The intra-train
repetition rate can be reduced to selected sub-harmonics of 1 MHz (e.g., 500
kHz,100 kHz, among others) to meet experimental needs. The overall bunch
structure is illustrated in Figure 4.3(b).

A total of 5000 bunches per second are available and shared between FLASH1
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and FLASH2, enabling the two beamlines to provide FEL radiation for simul-
taneous experiments at the full 10 Hz repetition rate [107]. FLASH1 produces
FEL radiation spanning the XUV range from 4.2 nm to 52 nm (295 to 24 eV).
Additionally, FLASH1 provides secondary THz radiation covering a range from
1 ym to above 300 ym [108]. Meanwhile FLASH?2 covers 3.3 nm to 90 nm (375
to 14 eV) [109]. A third beamline, FLASHForward, is dedicated to pioneering
beam-driven plasma-wakefield experiments [39]. More detailed information on
FLASH beamlines can be found in reference [106].

2. Electron bunch length and compression

Intense relativistic electron bunches with durations of 100 femtoseconds or less
are essential for SASE-based FELs like FLASH.

Achieving these ultrashort durations is realized using a two-step longitudinal
bunch compression process at FLASH. This process divides the linac into two
parts, as depicted in Figure 4.3(a), enabling up to two distinct bunch compression

stages within a single pulse train.

4.1.2.2 FLASH’s EO diagnostic station

The electro-optic detection system at FLASH, a copy of the EuXFEL apparatus, is
located upstream of the second bunch compressor [110]. Its position is illustrated

in Figure 4.3(a).

4.1.2.3 Upgrade: FLASH 2020+

The FLASH facility continues to evolve with significant upgrades. Two separate
shutdowns were scheduled, the first for the linac accelerator (including the
EO setup), and the second for the beamlines. In the context of this thesis, the
electro-optic measurements recorded at FLASH were taken in May 2024, just

one month before the start of the beamline shutdown [111].
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Figure 4.3: FLASH accelerator layout, electron bunch structure, and beamline
distribution. (a) Schematic representation of the complete FLASH accelerator,
including the linear accelerator section and beamlines (FLASH1, FLASH2). The
EO diagnostic station is located upstream of the second bunch compressor. (b)
[lustration of the FLASH’s bunch structure, showing 1 to 500 electron bunches
delivered at an intra-train repetition rate of 0.04 to 1 MHz within a single 500
us RF pulse train, with a burst repetition rate of 10 Hz.
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4.1.3 Role of longitudinal electron bunch diagnostics at DESY

The emitted photon pulses depend directly on the properties of the electron
bunches. Hence the diagnostics of their longitudinal shape has been the subject
of an intense research in the recent years [110]. Information regarding longi-
tudinal electron bunch properties is essential for optimizing and for providing
feedback on the performance of EuXFEL and FLASH. Key parameters such as
the electron bunch’s temporal shape, its bunch length, and the arrival time of
each electron bunch within the pulse train directly influence the quality and
timing of the generated X-ray pulses. The electro-optic diagnostic system is
invaluable in this regard, providing single-shot, non-destructive measurements
of the bunch’s arrival time and profile with high temporal resolution. These data
are intended for correcting long-term drifts to stabilize the bunch compression
and arrival time. Furthermore, the EO diagnostics are not currently used for
rapid, intra-train feedback due to firmware limitations and the data’s insufficient
resolution compared to measurement jitter. The fast feedback currently relies

on the Bunch Arrival time Monitor (BAM) for arrival time stabilization.
4.2 Experimental apparatus presentation

The DEOS setup described in this section corresponds to the two experimental
apparatus replica used at EuUXFEL and FLASH. A more detailed overview of
the setup, especially regarding the laser probe and synchronization, can be
found in Ref [11]. This section described the implementation of the diversity EO

configuration and the recent upgrades made during this thesis to those systems.
4.2.1 Femtosecond probe laser

The probe laser is a custom-built Yb-fiber laser system, optimized for generating
short pulses with a broad spectral distribution essential for spectral decoding
techniques. Non-linear effects within the system broaden the spectrum, pro-
viding a bandwidth up to 80 nm centered at 1050 nm. The laser operates at a
repetition rate ranging from 0.1-2 MHz and delivers an output pulse energy
from 5-100 nJ. This laser system is located in a rack outside the accelerator
tunnel, mitigating radiation exposure from EuXFEL and FLASH. Key parameters

are summarized in Table 4.3.

4.2.2 Chirped probe laser

Laser pulses, with adjustable energies from 5 nJ to 100 nJ, are transported into
the accelerator tunnel via a L; = 15 m polarization-maintaining fiber. Immedi-

ately after the fiber coupler, a grating compressor adjusts the pulse length. This
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Figure 4.4: Overview of the Single-Shot Electro-Optic Diagnostic Setup at DESY (EuXFEL and FLASH): Detailed schematic of
the Diversity Electro-Optic Sampling system utilized for high-repetition-rate longitudinal electron bunch diagnostics. The setup is
divided into two main areas. Inside the accelerator tunnel, where the electron bunch interacts with the chirped probe laser inside the
electro-optic crystal (GaP), converting the THz field into a spectral phase modulation. The EO system’s probe laser source and readout
components are housed in a dedicated rack. For FLASH, this rack is in a radiation-safe area, while for EuXFEL, it is situated inside the
accelerator tunnel. This rack contains the Ytterbium (Yb) femtosecond fiber laser (the probe source) and the KALYPSO high-speed
readout spectrometer. The spectrometer records the two orthogonal polarization components (Out 1 and Out 2) simultaneously at
2.26 MHz to enable high-fidelity reconstruction of the electron bunch profile. This 2.26 MHz readout rate allows for recording every
bunch at FLASH with a repetition rate of 1 MHz. However, when EuXFEL operates at its standard 2.26 MHz intra-train repetition rate,
the system can only record every second bunch. EuXFEL is also capable of reaching an intra-train repetition rate of up to 4.5 MHz.
Elements highlighted in orange represent the upgrades performed during this thesis. These modifications involved the implementation
of a HWP rotated at 45° to compensate the metallic mirror induced phase-shift only before the EO crystal, and the addition of an extra
fiber delay to enable the simultaneous recording of both DEOS outputs.

HWP: Half-wave plate, QWP: Quarter-wave plate, M: Mirror.
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Laser parameters

Ao 1030-1050 nm
AL 40-80 nm
Pulse length (Fourier limit) | 50 fs (FWHM)
Pulse energy 5-100 nJ
Average power 5-100 mW
Repetition rate 0.1-2 MHz

Table 4.3: Parameters of the Yb-fiber laser system [11]

compressor, is composed by two 1200 lines/mm gratings, one grating is motor-
ized, allowing pulse length adjustment from full compression of less than 100 fs
to more than 5 ps (FWHM), crucial for controlling the temporal measurement

window.

4.2.3 EO head

Directly after the grating compressor, the chirped probe laser’s polarization is
set at 45° using a half-wave plate (HWP) and a polarizing beam splitter (PBS) to
ensure a clean polarization state. However, the use of metallic mirror to guide
the beam introduces a parasitic phase shift to the 45° laser polarization, which
mandates compensation (see Colorbox. 4.2.3).

The laser is then directed to a mirror and a Gallium Phosphide (GaP) crystal
positioned within the electron beamline on a motorized vacuum feed-through.
The laser pulses first counter-propagate with the electron bunches, entering
the anti-reflective coated rear side of the GaP crystal, and then reflect from its
highly reflective front side. The reflected laser pulses then co-propagate with the
electron bunch’s Coulomb field, inducing polarization modulation within the
crystal. After reflection back through the vacuum window, the laser pulses pass
through a QWP and HWP, set at 0° and 22.5° respectively, to satisfy the phase
diversity condition. Finally, a PBS splits the modulated signal into orthogonal
components, which are then coupled into optical fibers for readout (denoted as
Outl and Out2 in Fig. 4.4).
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Recent upgrades : Metallic mirror induced phase-shift compensation

The phase diversity configuration requires the probe laser polarization to

be set at 45°. However, the necessity of guiding the beam to the in-vacuum
GaP electro-optic crystal mandates the use of at least one metallic mirror,
which inherently introduces a parasitic wavelength-depend phase shift be-
tween the horizontal and vertical polarization components. In the context
of electro-optic measurements, which rely on detecting small changes in
ellipticity induced by the Coulomb field of the electron bunch, this mirror-
induced shift constitutes a significant source of errors. Quantitatively, the
phase shift from a single metallic mirror is on the order of 13 mrad over
the probe wavelength. A robust solution has been identified to passively
compensate at each probe wavelength for this parasitic effect by incor-
porating an achromatic half-wave plate oriented at 45° and strategically

utilizing mirror symmetries within the optical path, as detailed in Fig.4.5.

without compensation with compensation
Mirror T Mirror  Mirror T T Mirror
% % Achromatic %
residual ellipticity e 1
\ 26 mmrad across Y A with the achromatic HWP:

1-1.06 pm wavelength range NO more residual ellipticity

-] S~ adre S B84

Input polarization:
linear @45 deg.

Figure 4.5: Compensation of metallic mirror induced wavelength-
depend phase-shift. The uncompensated path using two identical metallic
mirrors introduces a total parasitic ellipticity of approximately 26 mrad
across the laser probe wavelength range, which constitutes unacceptable
error for high-fidelity EO measurements. The compensated path uses an
achromatic Half-Wave Plate strategically placed between the two identical
metallic mirrors. This HWP rotates the polarization base by 90°, causing
an opposing phase shift introduced by the second mirror. This phase
shift exactly cancels out that of the first mirror, resulting in zero residual
ellipticity for the initial linear polarization state at 45°.

Presently, only a partial compensation is implemented, the HWP (colored
orange in Fig.4.4) compensates the phase shift only before the EO crystal.
A future upgrade is planned during the next EuXFEL shutdown to achieve
full compensation both before and after the crystal, utilizing an alternative

periscope configuration equivalent to the HWP/symmetry method.
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4.2.4 Readouts: KALYPSO spectrometer

The two polarization components are routed via optical fibers to a custom-made
grating spectrometer, designed for measuring the spectral distribution of the
chirped laser pulses. This spectrometer utilizes a KALYPSO linear array detector
[60], specifically developed at Karlsruher Institut fur technologie (KIT) for EOSD
at facilities like EuXFEL and Karlsruhe Research Accelerator (KARA) .

It enables continuous data readout at frame rates up to 2.7 MHz, composed of
256 pixels with a spectral resolution of approximately 0.2 nm/pixel. An upgrade
was implemented during this thesis period to enable the simultaneous capture
of both phase diversity outputs, allowing the first single-shot measurement of a
single electron bunch (see Colorbox.4.2.4 and section.4.3.2). More information
can be found in Ref [11].

Recent upgrades : Dual-Channel KALYPSO Spectrometer Readout for

Phase Diversity

Our custom-made spectrometer, utilizing the KALYPSO linear array detec-
tor, was initially designed to record only one output, as standard spectral
decoding techniques typically use a single output. However, adopting the
phase diversity configuration requires measuring two outputs simultane-
ously to perform effective single-shot measurements.

Previously, we were forced to measure the outputs sequentially by manu-
ally rotating the final HWP. This meant the two single-shot measurements
were not captured from the same electron bunch, but from two different
bunches.

An upgrade was implemented during this thesis period to overcome this
limitation. We now are able to record both single-shot outputs simulta-
neously from a single electron bunch. This is achieved by splitting the
signal into two channels, delaying one channel, and then sending both to
the KALYPSO camera. The trade-off for this simultaneous capability is
a reduction in the achievable effective repetition rate by a factor of two.
For example, if the Free-Electron Laser (FEL) operates at 1.13 MHz, the
KALYPSO camera runs at 2.26 MHz to capture the two time-separated
outputs from a single bunch. If the FEL operates at 2.26 MHz, we are only

able to record every second electron bunch.
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4.3 DEOS diagnostic of bunch shape at EuXFEL

This section presents the results from the DEOS experiments conducted at Eu-
XFEL, starting with preliminary non-simultaneous measurements of a special
configuration of an electron bunch train comprising three distinct bunch com-
pression. These initial measurements motivated a critical system upgrade to
implement a spectrometer enabling simultaneous measurement of the two DEOS
outputs. With this capability in place, we present the first single-shot, MHz-rate
characterization of a full bunch train, providing statistics on bunch length and
arrival time jitter, and conclude with a rigorous comparison of the SAD and
MRC reconstruction algorithms, highlighting the performance of the new Self-
Adaptive Dispersion algorithm in accurately characterizing ultrashort bunches

under non-linear dispersion.

4.3.1 Preliminary results with non-simultaneous DEOS system

motivating a system upgrade

The measurements presented here were conducted in February 2024 at EuXFEL.
These data were acquired prior to the KALYPSO spectrometer readout upgrade
that enabled simultaneous recording of both phase diversity outputs. Thus, the
two phase diversity outputs shown in Figures 4.6(a), (b), and (c) were recorded
sequentially by manually adjusting the final half-wave plate. Therefore, theses
outputs do not correspond to the same electron bunch.

During these experiments, electron bunches were generated with a charge of 255
pC at a repetition rate of 2.26 MHz. These bunches formed 1261 bunches trains,
of which only the even-numbered bunches were recorded (see colorbox4.2.4).

Figure 4.6(d) displays a single-shot measurement of an electron bunch train
that was configured to exhibit three distinct bunch compression settings within
a single train. This capability is necessary for accommodating user requirements,
as different X-ray light properties are often needed for three simultaneous exper-
iments on separate beamlines. A clear shift in arrival time, bunch length and
varying signal amplitudes, indicative of the different electron bunch compressor
settings, are discernible along the train.

To highlight these distinct compression states, the temporal profiles of three
representative bunches from the train, bunch 300, bunch 700, and bunch 1240
are presented in Figure 4.6(e), (f), and (g), respectively. The measured root mean
square (RMS) temporal bunch lengths for these bunches confirm the successful
implementation of varying compression, as evidenced by their different duration.
For bunch 700, a particularly short RMS bunch length of less than 200 fs was



4.3. DEOS diagnostic of bunch shape at EuXFEL 81

(@) Bunch 300 () Bunch 700 © Bunch 1240

Y12 (mrad)
&y
%o
S
w w
o O o
| %
w w
o O o

0.0 2.5 5.0 7.5 10.0 125 0.0 2.5 5.0 7.5 10.0 125 0.0 2.5 5.0 7.5 10.0 12.5
Time (ps) Time (ps) Time (ps)

m
e
L]
£
£
V520, 10 200 40" 60~
'\ Phase shift Ag (t)(mrad).. ...
! 600 | 800 1200 |
1 Bunchpumber !
1 1
5 100 © w0l
g repn
E 50 Trms = 333 fs 501 "oty Trms = 196 fs 50 Trms =290 fs
g 0 io0 01 ‘
< =50 ~50 -50
0.0 2.5 5.0 7.5 10.0 125 0.0 2.5 5.0 7.5 10.0 125 0.0 2.5 5.0 7.5 10.0 125
Time (ps) Time (ps) Time (ps)

Figure 4.6: EuXFEL bunch train characterization with varying electron bunch
compression settings. (a)-(c) Recorded of the two outputs of individual electron
bunches (300, 700, 1240, respectively) required for phase diversity detection. (d)
Single-shot measurement of an electron bunch train at EuXFEL, demonstrating
three distinct bunch compression configurations. (e)-(g) Reconstructed tempo-
ral profiles of individual electron bunches (300, 700, and 1240, respectively)
from the displayed train, highlighting their resulting different bunch lengths.

measured. However, as the current electro-optic system was primarily designed
for RMS electron bunch lengths greater than 200 fs, a temporal resolution
limit becomes apparent in Figure 4.6(f). This limitation manifests as unphysical
oscillations preceding the electron bunch, in a region where no signal is expected.

This temporal resolution limit is attributed to the phase matching condition
between the chirped probe laser pulse and the Coulomb electric field of the
electron bunch within the GaP EO crystal, which is directly dependent on
its thickness. The GaP crystal currently employed has a thickness of 2 mm.
Figure 4.7(a) shows the EO response function G(f,d), and Figure 4.7(b) displays
the effective response G(f,d) x ry;, representing the crystal’s bandwidth for
various thicknesses, including 2 mm, 1 mm, and 500 pm. The first zero of the 2
mm GaP crystal’s effective response appears at 4.35 THz, which corresponds to
a temporal feature of approximately 230 fs. The measured 196 fs bunch length
for bunch 700 overcome this limits and falls very close to another zero. This

proximity affects measurement accuracy, leading to the observed oscillation that
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defines the temporal resolution limit.

To overcome this limitation and enable more accurate characterization of
ultrashort bunches, a future upgrade is planned to replace the current 2 mm
GaP crystal with a thinner 500 pm GaP crystal. This modification is expected to
increase the crystal’s effective bandwidth up to 6 THz, thereby improving the

temporal resolution to approximately 166 fs. !
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Figure 4.7: Electro-optic bandwidth dependence on GaP crystal thickness. (a)
Electro-optic response function G(f,d) as a function of frequency f and crystal
thickness d. (b) Effective electro-optic response G(f,d) x ryy, illustrating the
bandwidth of the GaP crystal for various thicknesses: 2 mm (current EO crystal),
1 mm, and 500 pm (planned Eo crystal upgrade).

IThe phonon GaP electro-optic bandwidth is higher, around 8 THz.
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4.3.2 Results from the upgraded simultaneous DEOS system:
First DEOS single-shot bunch shape characterization

Building directly upon the successful preliminary results obtained using the
DEOS setup combined with the SAD algorithm, detailed in the preceding sec-
tions. This motivate the deployment of the simultaneous readout upgrade to

enable real-time, single-shot diagnostic of the electron bunch train at EuXFEL.

Recent upgrades : Implementation and Deployment Strategies of the
Hardware Upgrades

The dual-channel spectrometer, which enables simultaneous measurement
of both phase diversity outputs, was first successfully commissioned and
tested at the FLASH facility (Section. 4.4). This initial deployment ben-
efited from the easier electronics access at FLASH during its operation
compared to the radiation restrictions at EuXFEL. Following this success-
ful validation, the system was installed at EuXFEL a few months later,

enabling the data acquisition presented in this section.

The recorded data corresponds to a typical machine configuration, where an
electron bunch train consisting of 980 bunches with a nominal bunch charge of
255 pC was accelerated, operating at an intra-train repetition rate of 2.26 MHz.
Due to the required readout speed for the simultaneous recording of both phase
diversity outputs, necessary for the reconstruction of a single electron bunch,

only odd bunches were recorded (see Colorbox 4.2.4).

4.3.2.1 Information extract from bunch profile DEOS measurement :

Statistic of bunch length and arrival time jitter

The core capability of the single-shot EO monitor is the retrieval of the elec-
tron bunch’s longitudinal profile. Figure 4.8 summarizes the key information

extracted from the EO measurements across the entire bunch train.

1. Single-shot profile reconstruction Figure 4.8.(a-b):

A typical electron bunch profile reconstruction is demonstrated for electron
bunch number 100 using the SAD algorithm. Figure 4.8(a) displays the two
raw recorded outputs from the DEOS setup, which serve as the input for the
reconstruction. The resulting longitudinal electron bunch profile is shown in
Figure 4.8(b). For this specific bunch, the profile was successfully reconstructed,

and the root-mean-square (RMS) bunch length was measured to be 545 fs.
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Figure 4.8: Summary of extracted information from single-shot EO measure-
ments on a 980-bunch train at EuXFEL. (a) Two recorded outputs from DEOS
setup for bunch 100. (b) Reconstructed longitudinal profile for bunch 100 using
the SAD algorithm, fitted with Gaussian indicating an RMS bunch length of 545
fs. (c) Full 980-bunch train, highlighting the two distinct compression stages.
(d) Bunch-by-bunch RMS bunch length extracted from EO measurements. The
grey area represents the shot-to-shot fluctuation over 50 consecutively recorded
bunch trains. The black curve is the average RMS length over those 50 shots.
(e) Comparison of bunch arrival time between the EO measurement and the
independent Beam Arrival Monitor (BAM) signal (red dashed curve). For the
EO data, the grey area represents the shot-to-shot fluctuation over 50 recorded
trains, and the black curve is the average arrival time over those 50 shots.
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2. Full electron bunch train overview Figure 4.8.(c):

Figure 4.8(c) presents the full train data across the 980 bunches, of which only
the even-numbered bunches were recorded (see colorbox4.2.4). This visual-
ization clearly delineates three distinct zones. The initial first compression,

followed by a transition region, and finally the second compression.

3. Bunch length statistics Figure 4.8.(d):

The successful single-shot profile reconstruction enables the extraction of statis-
tical properties over 50 consecutive shots of the entire bunch train, as presented
in Figure 4.8(d) and (e). Figure 4.8(d) plots the fitted RMS bunch length for all
980 bunches. Analysis of this data shows a clear bunch length around 545fs for
the first compression area and a slightly shorter length of 535 for the second
compression area A noticeable perturbation is observed around bunch 320 to
520, corresponding to the transition region in Figure 4.8(c), where the bunch

length momentarily increases and then stabilizes.

4. Arrival time jitter statistic Figure 4.8.(e):

Figure 4.8(e) tracks the bunch-by-bunch arrival time jitter. This temporal center
is determined by fitting the reconstructed bunch profile. The arrival time mea-
surement extracted from the EO measurement is compared with the signal from
the independent Beam Arrival Monitor (BAM) [112, 113], which is situated next
to the EO setup and serves as an external reference. The excellent agreement
between the EO and BAM systems, particularly their concurrent capture of the
sharp transient event between bunches 320 and 520, confirms the EO monitor’s
high fidelity and its capability to capture fast, sub-picosecond longitudinal dy-
namics within the bunch train. The main limitation of the arrival time accuracy
of the EO system come from the stability of the laser synchronization, which is
about 40 fs RMS [11].

4.3.2.2 Comparison between MRC vs SAD algorithm

Another key objective of this part is to compare the performance of different
profile reconstruction algorithms under the influence of nonlinear dispersion, as
evidenced by the measured time-calibration data from EuXFEL (Figure 2.14b).
This comparison illustrates the longitudinal electron bunch profile reconstructed
using different algorithms from the same EO data trace shown in Figure 4.9.(a).
Specifically, Figures 4.9.(b),(c) and (d) show the longitudinal electron bunch
profiles reconstructed using the MRC algorithm, the SAD algorithm intentionally
limited to GVD-only compensation (i.e., neglecting the third order dispersion),

and the full SAD algorithm accounting for third-order dispersion, respectively.



86 CHAPTER 4. DEOS diagnostics with the SAD algorithm at DESY

N
wv

- | @ Ya(t)
g ° — Ya(t)
£ _35
>~ 50
—75
2 4 6 8 10 12
e —
8 Trms = 457 fs
E2
s
0
2 4 6 8 10 12
/O —
%\40 (C) \ TRMS = 423 fs SAD limited
E \
£ 20 \
5 0 ]
3
2 4 6 8 10 12
g s =545 B
©
©
£20
s
S0
2 4 6 8 10 12
210 Z10
o (e) g
z 8 F oo
v 0 50 100 150 200 250
8 6 Pixels SAD
f —— MRC
E‘ * —— Time calibration
o
2 4 6 8 10 12

Time (ps)

Figure 4.9: Comparison of electron bunch profile reconstruction using MRC,
GVD-only restricted SAD, and full SAD algorithms on identical single-shot
EO data. (a) The two simultaneously recorded outputs from DEOS setup for
bunch 100. (b) Reconstructed longitudinal electron bunch profile using the Maxi-
mum Ratio Combining (MRC) algorithm. (c) Reconstructed longitudinal electron
bunch profile using the Self-Adaptive Dispersion (SAD) algorithm restricted to
Group Velocity Dispersion (GVD) compensation only. (d) Reconstructed longi-
tudinal electron bunch profile using the full SAD algorithm with third-order
dispersion compensation (e) Comparison of the retrieved chirp from the MRC
and full SAD algorithms against the measured time-calibration reference. For
visualization, all data are plotted against the measured time calibration, which
therefore appears as a perfectly linear line serving as the accuracy benchmark.
The non-linearity of the measured time calibration is visualized in the inset and
in Figure 2.14.
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1. Profile fidelity and wakefield difference.

The three algorithms reconstruct a similar main electron bunch profile. However,
a significant difference is observed in the wakefield structure following the main
peak. The MRC and restricted SAD algorithms result in a shorter main peak
and a longer wakefield compared to the full SAD algorithm, which success-
fully incorporates third-order dispersion. This discrepancy is interpreted as a
manifestation of the temporal focusing effect on the main signal, as previously
discussed in Colorbox 3.2.1.1. This effect arises from the inherent limitation
of MRC and GVD-only restricted SAD approaches to perform only a linear fit
to the chirped probe pulse’s dispersion. This restricted linear fitting forces an
optimal compromise that temporally smears the reconstructed profile, reducing
the duration of the main peak while artificially lengthening the wakefield.

2. Algorithms chirp retrieval vs measured time-calibration.

Further evidence supporting the fidelity of the full SAD algorithm is seen in
the comparison of the retrieved instantaneous chirp against the measured time
calibration (Figure 4.9.(e)). This time calibration was measured by introducing a
sub-picosecond delay to the chirped probe laser relative to the electron bunch.
This delay causes a corresponding and measurable shift of the encoded signal on
the laser spectrum output, as explained previously in Figure.2.14.

The non-linearity of this time calibration is illustrated in the inset of panel (e).
For visualization clarity, all retrieved chirps (from MRC and SAD) are plotted
against the measured time calibration. This methodology results in the mea-
sured time calibration appearing as a perfectly linear reference, providing an
immediate visual benchmark for algorithm accuracy. The chirp retrieved by
the SAD algorithm remains closer to the measured calibration than the chirp
retrieved by the MRC algorithm. This demonstrates SAD’s superior ability to
accurately map the nonlinear dispersion relation, thereby enabling high-fidelity

reconstruction.

3. Discussion on the artifacts visible in the SAD algorithm’s results

The artifacts visible in the SAD algorithm’s results (e.g., negative values before
the main peak) are attributable to a misorientation of the waveplates in the
experimental setup, as further detailed in the following colorbox 4.4.1. While an
improvement to the MRC algorithm has already been implemented to handles
the effects of waveplate misorientation by treating the associated phase term
¢ as a fit parameter, as described in Section 2.4.3. It is highly probable that
the absence of this numerical compensation in the restricted SAD algorithm is

responsible for the subtle differences in reconstructed bunch length duration
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observed between the MRC and restricted SAD algorithms, as well as the arti-
facts observed in the full SAD algorithm. A future improvement in the SAD
algorithm’s mathematical framework should be realized to explicitly model
and account for the effects of waveplate misorientation, thereby achieving even

greater robustness against non-ideal experimental alignments.

4.4 DEOS diagnostic of bunch shape at FLASH

This section presents the DEOS measurement results obtained at FLASH, these
data were acquired just a few days before the shutdown for the facility’s upgrade
FLASH 2020+. These measurements were made using the implementation of
the simultaneous readout upgrade to the KALYPSO spectrometer. KALYPSO
was operating at 2 MHz to record both phase diversity outputs from the same
electron bunch delivered by FLASH at 1 MHz. This capability allows for single-
shot characterization of both phase diversity outputs from the same electron
bunch.

4.4.1 Single-shot characterization of electron bunch train

containing two different bunch charge and compression

Figure 4.10(c) displays a single-shot recording of an electron bunch train at
FLASH, demonstrating two distinct electron bunch compression configurations.
This configuration supports the facility’s multi-user operation, allowing different
bunch properties to be optimized for parallel experiments. Within this train,
a single electron bunch with a charge of 250 pC and an RMS length of 900 fs,
dedicated to the FLASH1 beamline, while a sequence of one hundred electron
bunches with a charge of 125 pC, and an RMS length of 830 fs is directed towards
the FLASH?2 beamline.

Figure 4.10(a) displays the two simultaneously recorded phase diversity
outputs for the single electron bunch directed to FLASH1. While Fig 4.10(b)
presents the corresponding outputs for a representative electron bunch directed
to the FLASH?2 beamline. Distortions resulting from the time-resolution limit
intrinsic to the spectral decoding method (as detailed in Section 2.4.1), are
evident in these raw outputs. These distortions become particularly pronounced
as the electron bunch duration shortens, a condition noticeable in Figure 4.10(b).

The reconstructed temporal profiles for two representative electron bunches,
each corresponding to a different compression setting within the train, are
presented in Fig 4.10(d) for the FLASH1-destined single bunch, and Fig 4.10(e)

for a representative electron bunch destined for FLASH2. These reconstructions
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reveal the differing bunch lengths and peak amplitudes resulting from distinct
compression settings and different bunch charges. Note that the reconstructed
profiles exhibit unphysical artifacts (e.g., negative values) due to waveplate

misorientation, which is discussed in detail in Colorbox4.4.1.
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Figure 4.10: FLASH Electron bunch train characterization : (a)-(b) Simul-
taneously recorded phase diversity outputs for a single electron bunch. (c)
Single-shot measurement of an electron bunch train at FLASH, highlighting
two different electron bunch compression settings for FLASH1 and FLASH?2
beamlines. (d) Reconstructed temporal profile of a 250 pC electron bunch and
an 900 fs RMS electron bunch for the FLASH1 beamline. (e) Reconstructed
temporal profile of a 125 pC electron bunch and an 830 fs RMS electron bunch
for the FLASH?2 beamline.
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Note on artifacts from waveplate misorientation

Artifacts, typically appearing both before and after the main peak, are

observed in the experimentally SAD-reconstructed electron bunch profiles
(e.g., Figures 4.9.(d), and Figures 4.10(d) and (e)). While negative values
appearing after the peak could potentially be attributed to physical phe-
nomena like wakefields, the presence of negative values before the peak
are unphysical, as electrons carry a negative charge and cannot precede
the main bunch with a positive charge. These artifacts directly indicate
an incorrect orientation of the optical waveplates within the DEOS setup.
The challenge in setting the waveplates arises from their initial orientation,
typically determined by minimizing the transmission power to identify
the zero points, is corrupted by ellipticity. This ellipticity is induced by
the metallic mirrors positioned downstream of the GaP crystal. Thus, the
QWP is miscalibrated, resulting in an incorrect final orientation for the
phase diversity technique. This wavelength-depend phase shift induced
by the mirrors requires future compensation (as detailed in the Recent
Upgrades 4.2.3). To confirm this hypothesis, a simulation of an electron
bunch reconstruction was performed with deliberately misoriented HWP
and QWP. The results, depicted in Figure 4.11, show artifacts in the recon-
structed pulse, specifically negative values in the front and tail that are
strikingly similar to those observed in the reconstructed experimental data.
This confirm that misoriented waveplates is the source of the observed

artifacts.
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—~30 Input ; \
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Figure 4.11: Simulation of electron bunch reconstruction with misori-
ented waveplates : The reconstructed temporal profile exhibits artifacts
when the HWP and QWP are misoriented by a respective angular offset of
Oowp and Oy p, resulting in profile distortion compared to the original
input pulse (dashed line). This simulation confirms the source of artifacts
observed in the reconstructed experimental data.
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This numerical uncompensated waveplate misalignment is a key differ-
ence between the algorithms. The MRC approach has been numerically
improved to handle this error by treating the associated phase term ¢ as a
fit parameter, as described in Section 2.4.3. In contrast, the current SAD
algorithm do not yet incorporate this numerical compensation, leading

directly to the observed artifacts.

4.5 Chapter summary and Perspectives

Chapter summary : Now capable of routine diagnostics with a resolution

of a few hundred femtoseconds at MHz repetition rates with high fidelity

This chapter detailed the complete DEOS diagnostic setup and its recent
upgrades with the implementation of the novel Self-Adaptive Dispersion
algorithm within the distinct environments of two major accelerator facili-
ties (EuXFEL and FLASH).

The measurements presented in this chapter confirm that the developed
DEOS system, combined with the SAD algorithm, is now fully operational
for routine accelerator diagnostics.

The DEOS system is now able to achieve longitudinal electron bunch
characterization with few hundreds femtoseconds temporal resolution
with high fidelity at the MHz repetition rates, including the measurement
of arrival time and bunch length stability within the electron bunch train.
Furthermore, the comparison of the measured time calibration and the
algorithm retrieval dispersion confirms that the SAD algorithm offers
a superior approach to dispersion management compared to the MRC
algorithm, ensuring higher accuracy even under realistic non-linear chirp

conditions.
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Perspectives

Despite the results obtained in this chapter, the experimental campaigns

highlighted several key areas for future optimization and research.

A primary area of focus involves algorithmic refinement for enhanced ro-
bustness. Particularly, the artifacts observed in the SAD reconstructed pro-
files, attributed to waveplate misorientation (detailed in Colorbox 4.4.1),
clearly indicate the necessity of improving the SAD mathematical frame-
work to explicitly model the associated phase term ¢. Implementing this
model, similar to the current MRC approach, will achieve greater robust-
ness against non-ideal experimental wavelplates orientation, making the
improved SAD model applicable for both high fidelity and high robust-
ness. In addition, this algorithmic improvement must be implement in a
real-time reconstruction process, with a user-friendly interface. This en-
sures that accelerator specialists, even those unfamiliar with electro-optic
diagnostics, can easily access and monitor the reconstructed longitudinal

profile of the electron bunch.

Beyond the algorithm, several hardware modifications are required to push
the performance limits of the system. To further increase the temporal
resolution, switching from a 2 mm thick GaP EO crystal to a thinner 500
pm GaP crystal will enable bunch measurement from 200 fs down to 160
fs RMS. This gain in temporal resolution, however, comes at the cost of a
fourfold decrease in the measurable signal amplitude.

Finally, a key optical setup correction involves addressing the ellipticity
induced by the metallic mirrors downstream of the GaP crystal with
periscopes to eliminate the induced ellipticity (see Colorbox 4.2.3). This

upgrade ensures correct waveplate orientation by removing the ellipticity

effect, thereby eliminating the fundamental cause of the resulting artifacts.

The deployment of the SAD algorithm and DEOS system’s upgrades con-
cludes the second part of this thesis, which focused on high-fidelity, broadband
THz diagnostics. The subsequent Part III will pivot toward characterizing nar-
rowband THz fields by introducing a novel electro-optic detection method that

combines all-optical heterodyning with the Photonic Time-Stretch technique.
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Chapter 5

A novel single-shot electro-optic
method using all-optical heterodyne
with photonic time stretch for

narrowband THz diagnostics

Before anything else, preparation is

the key to success.

— Alexander Graham Bell

5.1 Introduction

The capability to record the complete electric field of multicycle THz pulses
in a single shot is essential for accelerator-based THz sources. This capability
is required both for monitoring the FEL dynamics on a pulse-to-pulse basis
and for providing the information required by pump-probe users, such as the
Carrier-Envelope Phase (CEP).

Conventional single-shot electro-optic diagnostics are limited by the readout
bandwidth necessary to sample the signal. To faithfully capture a multicycle
THz signal, the measurement system must satisfy the Nyquist criterion by sam-
pling a minimum of two points per THz cycle. For techniques based on spectral
encoding, this constraint manifests as limitations in the number of pixels and
the spatial resolution of the spectrometer. In contrast, the Photonic Time-Stretch
(PTS) technique offers a method for single-shot measurement by lowering the re-
quired electronic bandwidth. However, as derived in Colorbox. 5.1, the required

oscilloscope bandwidth is determined solely by the total number of cycles of the
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multicycle pulse, and is independent of its original THz frequency. Consequently,
capturing pulses with many cycles still necessitates the use of high-bandwidth
oscilloscopes (e.g., > 10 GHz). Nevertheless, using high-bandwidth oscilloscopes
to capture a narrowband multicycle signal remains an inefficient use of band-
width resources. Since the temporal signal’s envelope occupies a narrow spectral
width in the Fourier domain, a substantial portion of the high-frequency band-
width records negligible information (i.e., zeros), as schematically illustrated in
Figure 5.1. This bandwidth waste is a major impediment for achieving real-time
single-shot diagnostics, which are typically restricted to a few GHz bandwidth

by commercially available data acquisition (DAQ) systems.

| Photodetector + Oscilloscope

FEL THz pulse 0 s Tme(ps) 2

m%‘ £l
L2>>L1
12
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Tl / T Stretched Time (ns)
Frequenc THz
N J_IL . M o | Feweno
Time Time Crystal Time Time (—, 5|gnal
Readout bandwith — SCOPe bandwidth S( ()1)(

(state of the art) Zeros

unused bandwidth !
Oscilloscope : 100 GHz ;
Data acquisition system : few GHz Stretched Frequency GHz

Figure 5.1: Photonic Time-Stretch Bandwidth Requirement for Narrowband
THz Signals: The figure illustrates the photonic time-stretch transformation of

the THz signal from its original duration ~ T to the stretched duration = T,

which slow down the THz frequency vi1” to the detected lower frequency vIS;ELpe.

For a narrowband multicycle pulse, the spectrum signal occupies only a small
spectral window within the oscilloscope’s maximum bandwidth. This leaves an
amount of unused bandwidth, highlighting the inefficiency of standard PTS for
real-time diagnostics.

To overcome this electronic readout bottleneck, this chapter introduces a novel
solution: the Heterodyne Electro-Optic Analysis and Reconstruction of THz
Signals (HEARTS) method. This new EO technique integrates an all-optical het-
erodyning process with the high-repetition-rate single-shot capability provided
by the combination of chirped probe laser pulses and the Photonic Time-Stretch
technique.

The conceptual groundwork for the HEARTS methods is provide in Section. 5.2.
This involves detailing the conceptual idea of heterodyning and exploring var-
ious conceptual approaches (i.e, mixing the signals before or after PTS, elec-
tronically or optically). This exploration defines the most effective strategy for
achieving the required frequency downshift of the THz pulse to an intermediate

frequency that fits within the desired (typically few GHz) readout bandwidth.
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The complete theoretical framework for a compact, all-optical implementation
of the HEARTS method is presented in Section. 5.3. This innovative approach
circumvents the technological constraints of complex electronic local oscillators,
by showing how a simple birefringent crystal (YVO4) can optically generate
the required THz local oscillator. The theoretical analysis includes important
key design considerations, such as the optimal THz orientation within the EO
crystal, which directly impact the detected down-converted signal’s quality. This
analysis demonstrates that by employing a specific phase diversity electro-optic
configuration, the method ensures a flat and non-deforming transfer function,
thereby guaranteeing that the detected, down-converted intermediate frequency

signal is a faithful replica of the original high-frequency THz pulse.

Photonic Time-Stretch Bandwidth Requirement for Narrowband THz Signals

The Photonic Time-Stretch (PTS) technique slows down the original THz

frequency viti” to a detected frequency vlfgipe by the time-stretch factor

M, as display in Figure.5.1:

cope FEL .
V = with M~ —=
FEL
M T

Where T is the duration of the chirped probe laser (adjusted to match the
duration of the THz signal) and T; is the duration of the stretched chirped
probe laser (which is limited by the laser probe’s repetition period, T;.p).

For a multicycle pulse with nggp cycles within the duration T, the original

THz frequency is viii* = nl}fL. By substituting this expression into the PTS

scaling equation, we find that the detected frequency is:

Scope _ 1 (mppr | _ T (MpEL | _ MpEL
7, | T\ T T,

Vegr = M

Therefore the required oscilloscope bandwidth is independent of the THz
frequency vg]?LZ and depends solely on the number of cycles ngg to be

recorded and the maximum stretch duration T5.

Numerical Example: For a laser probe repetition rate of T, =78 MHz

(i.e., T, ~ 12.8 ns), the resulting detected frequencies are:
Scope

— nppr = 40 cycles: detected at vy~ =3.12 GHz
— nggp = 80 cycles: detected at vi?ﬁpe =6.25 GHz

cope

— nggL = 160 cycles: detected at v;’EL =12.50 GHz

The subsequent Chapter. 6 transitions this conceptual and theoretical ground-
work directly into an experimental proof-of-principle demonstration at the
FELBE facility, where the HEARTS technique is successfully employed to diag-
nose the CEP of the FEL.
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5.2 Concept of a new EO detection method for nar-

rowband THz diagnostics

This section introduces the concept of the Heterodyne Electro-Optic Analysis and
Reconstruction of THz Signals (HEARTS) method, which addresses the electronic
readout bottleneck by employing frequency down-conversion combined with
photonic time-stretch. The conceptual idea of heterodyning is first detailed
before exploring the various technical options for generating the local oscillator

and performing the mixing process before or after PTS.

5.2.1 Conceptual idea of heterodyning

The down-conversion of the multicycle FEL signal is achieved using the hetero-
dyne detection principle. This technique operates by combining (i.e mixing)
the signal wave at the FEL frequency vpg; with an externally generated Local
Oscillator (LO), at a controlled frequency v; . Mathematically, when two waves
are multiplied (or beat) together, they generate new frequency components

according to the trigonometric product-to-sum identity:

1 1
cos (2mvypot)cos (2mvpprt) = Ecos (21 (vio + VEEL)E) + Ecos (21t (vLo — VEEL) t)

(5.1)
By applying the heterodyne technique, two copies of the signal are produced at
intermediate frequencies (IF), corresponding to both the sum and difference of
vper and v, as defined by Equation.5.1. This process yields a lower-frequency
copy, the difference frequency v, = |v o — Vpgr|, which is the desired FEL signal
wave copy, now shifted within the desired electronic readout bandwidth, as

display in Fig. 5.2.
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1.00
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Figure 5.2: Principle of heterodyning. A THz signal vpg; beats with a local
oscillator v o, generating sum v, and difference v;, frequencies. The copy of the
THz at the intermediate frequency v}, falls within the oscilloscope bandwidth
used for detection
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5.2.2 Technical options for heterodyning

Building upon the conceptual idea of using heterodyning to downconvert the
THz signal to a lower frequency, this subsection explores the various technical
options for its implementation combined with the photonic time-stretch tech-
nique. Several approaches can be considered for the implementation depending
on different parameters. Hence, the local oscillator and the heterodyne mixing
process can be realized either electrically or optically. Moreover, the heterodyne
mixing itself can be performed either directly in the THz domain, before the
time-stretch, or in the GHz range, after the time stretch. Three approaches are
briefly explores and each of them comes with their own set of advantages and

constraints.
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Figure 5.3: Comparison of two possible heterodyne detection approaches. (a)
Mixing before the photonic time stretch using a THz local oscillator and a THz
mixer. (b) Mixing after the time stretch with a GHz local oscillator and a GHz
mixer. PD : photodiode
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5.2.2.1 Option 1: Electronics THz Local oscillator and mixers before the

photonic time stretch

One way to generate the local oscillator is through purely electronic means,
directly in the THz domain. This approach typically relies on frequency mul-
tiplication from microwave sources, where a low-frequency signal (GHz) is
progressively doubled or multiplied to reach the desired THz range. State-of-the-
art electronic THz sources, such as those based on Schottky diode multipliers or
photoconductive antennas driven by ultra-fast electronics, can provide stable
and tunable signals up to a few THz [114-117].

However, electronic generation faces several challenges, including limited
output power at higher frequencies and phase noise accumulation throughout
the multiplication stages. These constraints can impact the efficiency of the
heterodyne process, particularly for high-precision diagnostics requiring a clean
and stable reference.

To implement heterodyne detection, the generated THz local oscillator must
be mixed with the incoming THz signal. This is typically achieved using Schottky
diode mixers [118, 119] or superconducting hot-electron bolometers (HEBs) [120,
121], which enable frequency down-conversion with high sensitivity. However,
the efficiency of these mixers decreases at higher frequencies, and their noise
characteristics impose further constraints on the achievable signal quality [122,
123].

More details about THz receiver can be found in those paper [124, 125].

5.2.2.2 Option 2: Electronics GHz local oscillator and mixers after the

photonic time-stretch

Instead of generating a THz local oscillator, an alternative approach is to per-
form heterodyne mixing after the PTS. In this configuration, the local oscillator
operates in the GHz range, where stable and high-quality sources are readily
available [126].

Mixing at GHz frequencies offers practical advantages, as high-performance
electronic mixers and amplifiers are widely available in this range [127].
However, this approach introduce certain drawbacks. The electronic mixers
often have bandwidth limitations, which may restrict the range of detectable
frequencies. Furthermore the frequency conversion process introduces addi-
tional active components, thereby increasing the system complexity compared

the subsequent all-optical option.
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5.2.2.3 Option 3: Heterodyning by all-optical means

Our approach, offers a fundamentally different and more elegant solution to
the limitations encountered by electronic THz and GHz heterodyning. Instead
of relying on complex electronic components, we leverage a purely optical
technique to generate the local oscillator and perform the mixing.

A stable, tunable THz local oscillator v; is generated not electronically,
but using a Lyot filter resulting with a modulation of the chirped probe laser
spectrum.

The heterodyne mixing is performed optically by placing the birefringent
Lyot crystal either before or after the electro-optic crystal. This optical THz
mixing down-converts the high-frequency THz signal vig; to a lower interme-
diate frequency in the THz range. Finally, this intermediate THz frequency is
stretched down to the GHz range using photonic time stretch, making the signal

recordable with cost-effective, low-bandwidth electronic readout systems.

Brief Summary: Heterodyne Possibilities

In summary, while the THz heterodyning approach would be a dream
solution, it remains difficult to implement and is limited to only a few
THz, far from the 30 THz we need. The GHz approach offers a viable
solution but complicates the setup compared to the all-optical option,
which enables the heterodyne process using optical techniques with a
simple passive birefringent crystal, thereby bypassing the challenges of
electronics. The details of this all-optical heterodyning approach are

described in the following section.
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5.3 Theoretical Framework and Design of the
All-Optical Heterodyne EO System

Building upon the concepts introduced in the previous section, this section
transitions to the theoretical framework and detail the design of the all-optical
HEARTS method.

This framework begins with the optical generation of the THz local oscillator
onto the chirped probe laser via a Lyot filter, detailed in subsection. 5.3.1. It then
proceeds to a didactic explanation of the optical heterodyning and photonic time
stretch process in subsection. 5.3.2. Finally, the last subsection. 5.3.3 provides
an analytical derivation of the downconverted output, along with a numerical
computational model of the entire all-optical HEARTS method. This includes a
study on the THz orientation relative to the electro-optic crystal and probe laser
polarization, showing how it affects the system’s overall transfer function, and
therefore the final downconverted output.

The primary goal of this section is to verify the feasibility and expected per-
formance of the HEARTS concept, thereby ensuring all technical prerequisites
are met before the practical experimental implementation in Chapter.6. An
illustration of the complete HEARTS method via all-optical means is provided
in Fig.5.5.

5.3.1 Optical THz Local Oscillator Generation via a Lyot Filter

The Lyot filter’s operational principle for generating the THz local oscillator is
detailed, beginning with its function as an optical modulator described through
an interferometric analogy, followed by the derivation of the modulation fre-

quency’s relation according to the material properties.

5.3.1.1 Lyot Filter as an Optical Modulator: An Interferometric Analogy

To overcome the challenges associated with electronic local oscillators, an op-
tical approach to generate this reference signal onto the chirped probe laser is
explored. A modulated pulse can be generated using an interferometer, such as
a Mach-Zehnder interferometer, where a delay is introduced in one of the arms
(Figure 5.4.(b)). Alternatively, an elegant and equivalent way to achieve this is
by using a Lyot filter [128], shown in Figure 5.4.(a)

In this setup, a birefringent material is inserted at a 45-degree angle rela-
tive to the vertical laser polarization, decomposing the light into ordinary and
extraordinary polarization components. Due to the material’s birefringence,
defined as An(A) = n,(A) — n,(A), where n,(A) and n,(1A) are the ordinary and
extraordinary refractive indices, respectively, these two components propagate

at different phase velocities. This differential propagation over the material thick-
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ness ¢, introduces a wavelength-dependent phase delay between the ordinary
and extraordinary pulses Apyo(1):
27 27

A(;[)Lyot(/\) = TAne = 1 (no(A) = ne(A)) e (5.2)

By introducing this controlled delay between the two orthogonal polarization
components, the Lyot filter replicates the physical path-difference of the Mach-
Zehnder interferometer.

The beam then passed through a vertical polarizer (i.e, the analyzer), where the

phase delay is converted into an intensity modulation I(1) described by:

I(A) = IO()\)cosz( >

I(\) = @ (1+cos(Adryer(A)))

iyl

Where [y(A) is the intensity of the input chirped probe laser spectrum incident
on the Lyot filter. The Lyot filter provides a powerful tool for generating stable,
THz-frequency optical modulation onto the chirped probe laser using a purely

passive birefringent element.
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Figure 5.4: Analogy between a Lyot filter and a Mach-Zehnder interferome-
ter. In both cases, a controlled delay is introduced between two optical paths,
resulting in an intensity modulation. The Lyot filter achieves this by exploiting
birefringence, while the Mach-Zehnder interferometer uses a physical path dif-
ference. This modulation initially occurs at THz frequencies but is later stretched
into the GHz range through photonic time stretch, making it compatible with
standard electronic detection (See Fig.5.5).
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5.3.1.2 Modulation Frequency of the Lyot Filter

The equation for the modulation frequency vLTgZ of the optical local oscillator is

found by mapping the Lyot filter’s wavelength-dependent phase delay, A¢ryoi(A),
into an equivalent time-dependent phase delay A¢y o (f). This mapping utilizes
the probe laser’s chirp rate C via the equivalent time-to-frequency relation
t=—¢&[18].

The derivation of this modulation frequency vLTgZ is detailed in Appendix. A.
The resulting equivalent time-dependent phase delay Adryq(t), the optical

frequency modulation vLTgZ and the corresponding output intensity I(t), are

given by:
Apryor(t) = 2mv] i* ¢ (5.4)
Ane
THz

Vig = —S—— (5.5)

O AJIDIL

_ To(t) THz

I(t) = — (1 + cos(27vaO t)) (5.6)

Where [j(t) is the intensity of the input chirped probe laser spectrum (1)
expressed in the equivalent time domain via the the time-to-frequency relation
t = —¢. This result demonstrates that the modulation frequency vggz of the
optical local oscillator is governed by the birefringent material’s properties
(An,e), the laser’s central wavelength (1(), and the dispersion characteristics
(|Dq],Ly) of the temporal window, making it possible to tune vLTgZ by adjusting

the thickness of the birefringent material or by modifying the temporal window.

5.3.2 Optical THz Mixing Combined with Photonic Time Stretch

With the tunable optical THz local oscillator vLng now defined, the next step

is to efficiently mix it with the incoming FEL THz signal v {?. For didactic
purposes, this subsection first derives the intensity expression that proves the
heterodyne process is at work, establishing the lower intermediate frequency
in the THz domain (or hundreds of GHz), VITFHZ = |vFT]ﬁz - VLngl. This signal is
then temporally stretched using photonic time stretch, which yields the final
measurable frequency in the few GHz range, vIGFHZ, thereby further reducing
the electronic readout bandwidth. The full, rigorous calculation starting from
the electric field, along with the corresponding numerical computational model,

will then be presented in the following subsection.5.3.3.
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5.3.2.1 Optical THz mixing

For effective mixing, the birefringent material must be placed either directly
before or after the EO crystal! and aligned along the same axis orientation as
the EO crystal. Both the EO crystal and the birefringent material are set at 45

degrees relative to the laser polarization and analyzer, as displayed in Fig. 5.5).

FEL THz pulse THz local

IIIII] = O 1-30 THz oscillator Photonic time stretch :

A()] . I Ady N ' _ /_/I/(/)/ " Shift the downconversion signal
to a lower frequency.
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olarlzatlon and polarizer
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Figure 5.5: Illustration of the All-Optical HEARTS method. This figure illus-
trates the two-stage frequency reduction performed by the all-optical HEARTS
method. First, the heterodyne detection principle is used to mix the incoming
FEL THz signal vL!? with the THz optical local oscillator vLTgZ. For effective
mixing, the EO crystal and the birefringent material must be aligned at 45 de-
grees relative to the probe laser’s polarization and the analyzer. The resulting
downconverted signal is then temporally stretched using the photonic time-
stretch technique, which yields the final measurable frequency vGHZ and enables
the use of a low oscilloscope readout bandwidth.

The electric field vector after the heterodyne mixing step, Eye(t), is given by the

product of the following Jones matrices:
T
Epget(t) = Mpwp (g)MLyot (A¢Lyot(f))MEo (Adpgr (v, 1)) Ei (1) (5.7)

The THz-induced phase modulation in the EO crystal is A¢pggp(a,t) = ¢1(a, t) -
¢o(a,t) = P(a)EpgL(t), where ¢;(a,t) and ¢,(a,t) are the phase retardations
along the crystal’s two birefringent axes. The coefficient P(«) is the Pockels effect
coefficient, which depends on the orientation angle « of the FEL THz electric
field Epgp (t) with respect to the [-110] direction 2. The optimal orientation of
the THz polarization relative to the EO crystal and probe laser is discussed in
the following subsection 5.3.3.

The Jones matrices for the half-wave plate rotated by 22.5° (Mywp), the Lyot

!The Jones matrices of the EO crystal and the birefringent material are commutative
’P(a) = ”—dngnn 1+ 3cos?(a) is defined in Chapter 2, Equation 2.1
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filter’s birefringent material (Mpy,), the EO crystal (Mgo)?, and the 45° polar-
ization chirped probe laser (Eff(t))4 are explicitly defined as:

i Adryott)

Mo (§)= 351 M (S000)=| "
HWP|\ g |= (= Lyot Lyott = APLyot(t)
8/ V2|1 s
G0 s5,_ Eolt)[1
Mko (A¢reL(a, t)) = ) -iAdrmg o Ein(t)—f 1
(5.8)
The resulting output electric fields, E;(¢) and E,(t) are expressed as:
10 00
E,(t) = Epet(t)  Eo(t) = Epget (1) (5.9)
00 01

The intensities I; 5(¢) = |E; »(#)|* resulting from this configuration are given by:

120) = 3 (1 cos (Aryer(t) + Adpz (a1 (5.10

The differential detection signal, Al (t) = I1 (t) — I5(¢), is given by:

Alner(t) = Ip(t) cos (Adryor (1) + Adpper (o, ) (5.11)

This expression is expanded using the angle addition formula for cosine:

Altzer(t) = To(t) [cos (Apryoe (1)) cos (Apgr (e, 1)) —sin (Adpryor(t))sin (Adrer (. 1))
(5.12)
By performing a first-order Taylor series expansion for the small FEL THz-

induced phase A¢ggy (o, t) << 1, the resulting intensity is simplified:

Alpyer = Io(t) [cos (Adryor(t)) = sin (Apryor()) Adrer (@, )] (5.13)

Assuming a FEL narrowband THz pulse Eggy (t) = A(t)sin (wpgp t) with a Gaus-
sian envelope A(t), thus A¢ggr(a,t) = P(a)A(t)sin(wpgLt), and substituting
A(i)Lyot(t) = 27-”/[?512 t = wryott:

Alger = Io(t) [cos (a)Lyott) - P(a)A(t)sin(wLyott)sin (wFELt)] (5.14)

3The global phase factor is omitted here as it cancels out when calculating the detected
intensities I; »(f)
“With Ey(t) being the chirped probe pulse and expressed in Eq.5.19
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The resulting differential intensity is therefore the product of two sines®

, one cor-
responding to the FEL THz pulse and the other to the local oscillator generated

by the Lyot filter. This represents the heterodyne process at work :

Alfer = Io(f)[COS(wLyotf)

P( )A(t) (5.15)
—QT[COS((

WLyot — a)FEL) t) —COos ((wLyot + (‘)FEL) t)”

. : : : : + _1,,THz THz
This last equatlon contains the two intermediate frequency Vip = |VFEL + VLO |,

and confirms that the all-optical heterodyne process successfully downconverts
the high-frequency vi/i? FEL signal to an intermediate lower frequency

- _ ., THz . .
Vig =V -, defined as:

TH TH TH
vie = VReL —Vio
yTHz _ ), THz _ Ane | (5.16)
IF —IWWEEL ~ T2,~ 7

/\olDllLl

5.3.2.2 Temporal Stretching of the Downconverted Frequency using
Photonic Time Stretch

The ultimate purpose of the HEARTS method is to select an appropriate fre-

quency of the downconverted signal v/,7# (typically, few GHz), ensuring com-

patibility with electronic detection while preserving the information carried
by the original signal. Using photonic time stretch adds an additional tuning
parameter that helps further reduce the intermediate frequency v/, making it
more accessible for electronic detection. By applying additional dispersion after
the heterodyning stage, as shown in Fig.5.5, we obtain a new expression for the

observed GHz-range intermediate frequency v{y':

THz THz
GHz _ (VeeL — V1o ) . _ DyL,
VIF fo = 2P with M=1+ DL, (5.17)
Ane 1
GH TH .
ViE ‘x (VFELZDlLl - 7)D2L2 with L, >> 1L, (518)

where M is the stretch factor, D, and L, are the dispersion and the length of the

stretch fiber, respectively. To minimize the intermediate frequency VE;HZ, several

>While the local oscillator term cos(wLyott) remains present, its high frequency v;p will
exceeds the bandwidth of the readout electronics and will be filtered out during acquisition.
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parameters need to be optimized. One important factor is the birefringent crystal
used in the Lyot filter. The birefringence itself, An, is an intrinsic property of
the material and cannot be modified. Therefore, the only way to adjust the
local oscillator frequency vggz is by varying the thickness of the birefringent
crystal. Additionally, the amount of dispersion in the first fiber, characterized by
D; Ly, should be minimized and adjusted to match the duration of the FEL signal
TrgL- The temporal window in this case is constrained by T} = AAD{ Ly ~ Tgg.
Meanwhile, the dispersion in the stretch fiber, represented by D,L,, should be
maximized to further reduce the intermediate frequency but is limited by the

L. be .
repetition rate of the probe laser vfer; ‘ie,T,=AAD,L, ~ ﬁ
Vrep
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Brief Summary of the All-Optical HEARTS Method

In summary, the FEL THz monochromatic pulse is first downconverted

using a THz optical local oscillator generated by a Lyot filter in an optical
heterodyning process. This process is implemented by setting up the EO
and Lyot crystals adjacent to each other and oriented at 45° relative to
the input laser polarization and analyzer. Then the lower intermediate
frequency in the THz domain (or hundreds of GHz) v = v]1% is stretched
down to a few GHz (v{}'?) using photonic time stretch, making it possible

to record it with a low bandwidth photodetector and oscilloscope.

5.3.3 Orientation of the THz Polarization Relative to the
EO crystal and Probe Laser

As mentioned in the previous subsection, the relative orientation of the THz
polarization with respect to both the electro-optic crystal and the probe laser
polarization, plays a crucial role in the optical heterodyne mixing process. Two
configurations are possible: the phase diversity and the standard EO configura-
tions. Each of these configurations leads to different outputs, which can have
deformation due to the transfer functions of the system.

To fully understand the effect of the THz orientation on the mixing process,
its implications are analyzed through both analytical calculations and numerical
simulations. This subsection first examines the phase diversity configuration,
then the standard electro-optic configuration, and concludes by comparing the

results of both to identify the most effective approach for optimal performance.

5.3.3.1 Phase Diversity EO Configuration : Signal Conservation Due to the
System Transfer Function

In the phase diversity electro-optic detection scheme, the THz polarization is
set perpendicular to the [-110] axis of the EO crystal, and the laser polarization
is aligned at 45° relative to the [-110] axis, as diplay in Figure.5.6.(a). Both the
EO and birefringent crystals share the same axis orientation. The analyzer is set
at 45° relative to the [-110] axis using a half-wave plate turned at 22.5° and a
polarizing beam splitter (see Fig.5.6.(b)).

This setup in Phase Diversity (PD)® configuration can be viewed as an optical
equivalence of a Mach-Zehnder interferometer, where one arm of the interfer-
ometer, Efg(t — 1), introduces a temporal delay At = t — 7 through the Lyot filter,
while the other arm, E'P(t), experiences a phase modulation induced by the FEL
THz signal ¢ggy (), an illustration is given in Fig.5.6.(c) [18].

®Note that the following superscripts PD stand for the phase diversity configuration through-
out this section.
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@ HEARTS with the phase diversity electro-optic configuration
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Figure 5.6: Principle of the all-optical HEARTS method in phase diversity
electro-optic configuration (a) Experimental arrangement showing the relative
orientation of the THz polarization and laser polarization with respect to the EO
crystal and birefringent material axes. (b) Illustration of the all-optical HEARTS
method using the phase diversity configuration. The laser polarization and
the analyzer are set at 45° relative to the [-110] axis of the EO crystal. The EO
and Lyot crystals share the same axis orientation and are display in (a). The
analyzer is composed of an Half-Wave-Plates (HWP) oriented at 22.5° and a
Polarizing Beam Splitter (PBS). The two resulting outputs I;(t) and I,(t) are
temporally stretched using photonic time-stretch technique and sent to the
low bandwidth oscilloscope readout. (c) Optical analog of a Mach-Zehnder
interferometer, where the 45° input laser polarization is split into two arms:
one arm experiences a time delay, while the other is phase-modulated by the
THz signal. The two outputs are then temporally stretched using photonic time-
stretch and are visualized on an oscilloscope, showing the intensities I (t) and
I,(t) over time.
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1. Theoretical Study of the All-Optical HEARTS Method in Phase Diversity
Configuration Based on Mach-Zehnder Interferometer Equivalent :
To quantify how the relative orientation of the THz polarization influences the
optical heterodyne mixing process and signal deformation, we derived the analyt-
ical transfer function for the all-optical HEARTS method in the phase diversity
configuration, modeled as the Mach-Zehnder Interferometer equivalence. We
begin with the chirped probe laser pulse that encodes both the local oscillator
and the FEL THz signal. The electric field of this chirped probe pulse is given
by:

Eo(t) = A(t)e 2" (5.19)

where C = %—‘f is the chirp rate of the laser and A(t) is the envelope. The two

arms of the Mach-Zehnder interferometer are described as follows:

Eq(t - At — i
Efg(t_,l_) — 0(2 T) — ( 5 T)e—QC(t—T)Z

(5.20)

Eq(t) Alt i
EPP(t) = %e“iﬁu(f) ~ %6_2&2 (1 +ipppr(t)) (5.21)

where ¢ppy(t) = mcos(wpgpt + 1) represents the phase modulation introduced
by the FEL THz signal, with m being small enough for the approximation
e'PreLt) ~ 1 4+ ihpp; (t) to hold.
The interference between the two arms results in the following expressions for
the two temporal electric field outputs EFP(t) and EPP(t):

EfP(t) = EfS(t—1)+ELP (1) =

%(EO(“T“EO“)U +i¢pppL(t))) (5.22)

ELP(t) = EfR(t— 1)~ ERP() = 3 (Bolt ~ 1) - Eo() (1 +igppa(1)  (523)

To analyze the spectral components of the temporal interference signals EYP(t)
and EXP(t), we simplify the calculations by assuming a constant envelope A(t) =

A. Thus the Fourier transform Ey(w) of the chirped probe laser can be expressed

~ TC . i;
Ey(w) :A\/g(l —i)e (5.24)

The Fourier transform of EYP(t) and EXP(t), yields the following:

as:

N

@

— 7 ‘ o2
EPP(w) = o(@) (e_lm+1+imcos(—%+yb)e’§cﬂ) (5.25)

2
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The intensities corresponding to these outputs of the Mach-Zehnder are related
to the optical frequency w and the time f by the relation ¢ = Z*. This allows us
to express the recorded intensities I 5 D(t) with THz and I lrezf (t) without THz’, in

the following form:
— 2
I2(t) = [EYS (w = —Ct) (5.27)

re |E (Q):—Cf)lz T(A2
I (5 = =525 == (5.28)

The two signals of interest Yf ? (t), which isolates and normalizes the FEL THz

modulation, are defined as the difference between the intensity I f 12) (t) with the

THz signal and without I Iezf (t), divided by the reference intensity :

12 (0 -1 (1)

YPD(t) = -
19 (1)

(5.29)

This subtraction isolates the contributions of the THz field and local oscillator
from any baseline or unmodulated signal, and the normalization helps focus on
the relative changes induced by the THz field.

A Taylor expansion of Yllf?(t) around m = 0 is performed up to the first order to

isolate the linear terms from the harmonics.

PD (0 PD (1
YR~ vy Qi+ vy M+ om?) (5.30)

Applying a Fourier transform to this expansion yields:

~PD (0) (

v fos 1
VPP ()~ 712 Vw)+ 718 Mw)+ O(m?) (5.31)

PD ) L
The zero-order term, Y, , (0)(0)), represents the local oscillator contribution and

is given by:
Y72 Ow) = n[£8(w— C1) £ 6(w + C1)] (5.32)
By substituting Ct = 27rvLT£IZ = wy, this expression can be rewritten as:
FPD (0
Y, ( )((U) =1 [+0(w - wro) £ 0(w + wro)] (5.33)

"The reference intensity measured without the THz signal contains the local oscillator, but
this high-frequency component is removed by the low-bandwidth readout. Thus the measured
reference intensity corresponds solely to the envelope of the chirped probe laser spectrum.
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The first-order term Ylpf m(a)), describes the heterodyne mixing of the THz

signal and is expressed as:

—i(%ﬂw) :
SPD (1) rm| Fio(w+wro—wpgr)e Lower Sideband
Y, (w)= - (o2 wip = |wppr — wrol
. {5 +)
ilé(a) —wro+ a)FEL)e
2 .
—26(w — wrEgr) sin(wngL )e_”# FEL THz Signal
2 . WEEL
“25(w + wppy) sin( 4= )e”P
(-4e+0) .
Fio(w+ wpp + WEgL)e Upper Sideband
l(_% w) Wi = lwpgr + ol
+i6(w — wpo — WrgL)e }

(5.34)
This result confirms that an encoded FEL THz signal copy appears at both the
sum and difference frequencies of the THz signal and the local oscillator®.
The two final observed signals on a low-bandwidth oscilloscope ?1(_2) PD(a)) =
?ﬁ;ape PD(a)), representing the downconverted THz signal w; = |wpgr — wrol =

+wppr F wro, are expressed as:

FScope PD wm| _ . _l(
YI,Z (C()) = T +16(a)+wLO—a)FEL)e

(5.35)

w
’ (5 +)
+ 10(0) —wro + WEgL)e

These two final signals represent clean replicas of the original FEL THz field,
confirming that the demodulation process preserves its integrity. This preser-
vation indicates that the system’s transfer function does not introduce any dis-
tortion, as evidenced by the presence of only phase terms in the resulting Equa-
tion.5.35%. To quantify this behavior and mathematically validate the absence
of distortion, we determine the transfer functions of the downconverted THz
signal %’EP b (wpg) and %P b (wg). These transfer functions link the input signal

scope
X P

i (t) =mcos(lwppr —wrol t+ 1) (i.e, the temporal downconverted copy of

8Note that the presence of sinusoidal terms in the two FEL THz Signal components indicates
that distortion from the system’s transfer function affects the THz peak.

9Additionally, the two final observed signals are identical in content but possess opposite
signs, enabling balanced detection. The balanced detection configuration results in an improve-
ment in the signal-to-noise ratio.
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the FEL THz signal) to the recorded output signals Ylsjgope PD(t) in the Fourier
domain:

>Scope PD, _ -\ -

Yo (wip) = 70 (i) X5, (w) (5.36)

The Fourier transform )?:;Op e(a)I_F) of the input signal XI-SZOP “(t) is expressed as:

= _ . mm y .
X, P (wpp) = - [5(60 +wro - wppr)e Y + 8(w — wro + CUPEL)e”’b] (5.37)

Thus, the transfer function is given by:

. i(“’fgL)
5 (wip) = +ie (5.38)
PD, —
P (wip)l = 1 (5.39)
N e i I
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Figure 5.7: Magnitude of the transfer functions %" and 7" as a function
of frequency. The plot illustrate that both transfer functions remain constant
at 1 across the frequency range, confirming that the system does not introduce
amplitude distortion.

This result confirms that the magnitude of the transfer function is unitary, as
demonstrated by Equation.5.39 and illustrated by Figure.5.7, indicating that no
distortion is introduced to the signal’s amplitude, ensuring a faithful representa-

tion of the downconverted THz signal.

This analysis demonstrates that the all-optical HEARTS method in phase
diversity configuration enables the retrieval of the FEL THz signal with high
fidelity. The system’s transfer function preserves both the amplitude and phase
information, ensuring an accurate and undistorted measurement of the down-
converted THz field. In addition, the opposite-sign outputs allow for the use of
a balanced detection scheme, further improving the signal-to-noise ratio. These
characteristics validate the effectiveness of the measurement system in providing

direct measurements of the downconverted FEL THz electric field.
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2. Computational Model of the Phase Diversity Configuration Based on
Jones Matrix Formalism:
To validate the previously derived equations for the all-optical HEARTS method
in the phase diversity configuration, we conduct a computational model based
on the Jones matrix formalism. The resulting Jones matrix Mgle)t(t), is expressed

asloz

T
MEP (1) = Mpwp (—

o My (8,00 Meo (Arrrfa = 2.0) (540

The expressions for the Jones matrices were detailed previously in Subsection
5.3.2, Equation 5.8. The only element that differs is the electro-optic crystal
matrix, Mgg (A(j)FEL a=7, )) In the phase diversity conﬁguration, the THz-
induced phase shift is set such that A¢rg(a = =¢1(a =%,t) and ¢,(a =
Z,t) = 0. This results in the following Jones matrlx [18].

e eiqbl(a:%rt) 0
Mo (Adre(a = 2,1)) = (541)
0 1

The temporal output electric fields, EfD(t) and EfD(t), are computed as follow:

10 0 0
EPP(t) = MPP (hEP (1) EEP(t) = MEP (HEP (1) (5.42)
0 0 0 1

) . ) PDioy _ |pPD( |
The detected intensities are given by I} 7'(t) = |[E{ ; (w = —Ct)| .

To ensure accurate simulation results, the following parameters were carefully
chosen to reflect the physical properties of the system components and the
experimental conditions. The full set of parameters used in the computational

model is summarized in the Table. 5.1.

Based on the parameters in Table. 5.1 and Equation. 5.5, the local oscillator
frequency is expected to be v o = 16.56 THz. This frequency is essential for
downconverting the vpg; = 15 THz FEL pulse to an intermediate frequency of
v}#1% = 1.56 THz, which, after time stretch, reaches vGHz 3.28 GHz according

to Equation 5.18, placing it within a measurable range.

10For reference, the orientation of each component in the phase diversity configuration is
illustrated in Figure 5.6.
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Parameters for the Computational Model based on Jones Matrix Formalism

Laser parameters

Ao 1550 nm

AL 65 nm

Stretch parameters

Dy,D; | 17 ps/km/nm

Ly 3m

L, 1.424 km

M 475

FEL THz parameters
EFEL 8 kVvm™!

L1 10 ps FWHM

FEL
VTHz 15 THz

EO crystal (GaAs)

ng 3.662
r41 1.5 pmV_1
d 100 pm

Birefringent Lyot crystal

An 0.203
e 10 mm
vl 16.56 THz

Table 5.1: Computational model parameters
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Figure. 5.8 presents the temporal profiles of the two output intensities, Ilr’e{(t)

and the corresponding subtracted signals, er’ezf () in the absence of a THz signal.
Panel (a) shows the resulting I 1r62f (t) using a high-bandwidth readout, where the
modulation resulting solely from the Lyot filter is clearly visible. Conversely, for
the low-bandwidth readout shown in Panel (b), this modulation is filtered out,
leaving only the pulse envelope. Panel (c) displays the subtracted signals, er’ezf (t)
(without THz), for the high-bandwidth readout case!l, which correspond to the
zero-order term Yf? (O)(t) in equation.5.30.

Finally, the spectrum ?113? (0)(a)) (Eq.5.33) is displayed in Panel (d), confirming
the agreement between the computational model and the analytical formula of
v/ £l* =16.56 THz from Eq. 5.5.

Figure 5.9 displays the spectral output components, ?IPD(w) and YZPD(w), in
the presence of a THz signal. Panel (a) shows the full spectra of YIPD(w) and
Y'P(w), where the high-intensity local oscillator peaks are the most prominent
features. Panel (b) provides a vertical zoom to reveal the heterodyne mixing
peaks while saturating the LO signal. The observed behavior is consistent with
Eq. 5.34. The insets highlight that while the direct FEL THz peak is altered by
distortions from the sinusoidal terms in Eq. 5.34, the two heterodyne sidebands
remain unaffected. Furthermore, the down-converted signal appears at v, =
|vEer — Viol =15 —-16.56] = 1.56 THz, successfully shifting the information into

the low-bandwidth readout range as predicted.

UFor a low-bandwidth readout, a zero signal is expected
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Figure 5.8: Temporal and spectral profiles of the reference signals
er’ezf (t) = Yf f (O)(t), in absence of the THz signal, under different readout

bandwidths. (a) Temporal intensity of the two references outputs without THz
using a high-bandwidth readout. (b) Temporal intensity of the two references
outputs without THz using a low-bandwidth readout. (c) The two temporal sig-
nal Y{Ef (t)= Yl(?z) (t) defined in equation.5.33 without THz using high-bandwidth
readout. (d) Frequency spectrum of (c) exhibiting solely the local oscillator
at vLTgZ = 16.56 THz. This plot also illustrates the high- and low-bandwidth
readout responses, demonstrating that the LO peak is filtered out when using a
low-bandwidth detection system.
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Phase diversity configuration with THz signal
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Figure 5.9: Spectral output components }71PD(w) and ?ZPD((U) in presence of a
THz signal. (a) Fourier transform of YlpD(t) and szD(t) in the presence of a THz
signal using a high-bandwidth readout. The local oscillator peak dominates the
spectral amplitude. (b) Vertical zoom of (a) revealing the heterodyne mixing
terms. As predicted by Eq. 5.34, the direct FEL THz peak at 15 THz exhibits
distortions from the sinusoidal transfer function, while the heterodyne sidebands
remain unaffected. The mixing of the FEL signal (15 THz) and the LO (16.56 THz)
results in down-converted and up-converted signals at 1.56 THz and 31.56 THz,
respectively. The low-bandwidth readout response is plotted to demonstrate the
isolation of the down-converted signal through spectral filtering.
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The temporal profile of the down-converted signal is now examined under
low-bandwidth readout conditions. In contrast to the results shown in Fig-
ure 5.13, Figure 5.10(b) incorporates a Gaussian envelope to provide a more
realistic model of the THz pulse:

(t/7EEL)

¢reL(t) = me” " cos(wppLt + ) (5.43)

Where 715 represents the duration of the THz envelope.
The resulting down-converted signal exhibits a temporal shift originating from
the phase of the transfer function (Eq. 5.38). Furthermore, the simulation
confirms that the two outputs are identical but with opposite signs. This behavior
is consistent with the analytical predictions of Eq. 5.35 and effectively enables
balanced detection.
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Figure 5.10: Numerical comparison between the input signal and the downcon-
verted heterodyne outputs in the phase diversity configuration. (a) Multicycle
input signal at 15 THz. (b) 1.56 THz downconverted heterodyne outputs in
the phase diversity configuration. A time shift is observed due to the phase
in the frequency domain. Additionally, both output components are identical
with opposite signs, as predicted by Equation 5.34. Note that in this simulation,
a Gaussian envelope is added to the THz signal, in contrast to the analytical
derivation where no envelope was assumed.
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The computational model results validate the derived equations for the all-
optical HEARTS method in phase diversity configuration. Key features such as
the preservation of the downconverted signal’s profile (i.e., no distortion due to
the transfer function), and balanced detection with opposite-sign outputs, are
confirmed. Additionally, the computed local oscillator v; 5 and the intermediate
frequencies v align with the analytical expressions. Overall, both analytical
and numerical analyses underscores the effectiveness of the phase diversity con-

figuration.

To achieve better signal-to-noise ratio, one could consider using the standard
EO configuration, where the THz-induced phase shift is twice as strong as in the
phase diversity configuration!2. Nevertheless, analytical and numerical studies
of the transfer functions for the all-optical HEARTS method in a standard EO
configuration are required to assess its viability. This will be explored in the

following pages.

5.3.3.2 Standard EO Configuration: Signal Deformation Due to the

System Transfer Function

In the Standard (Std)!® EO configuration, the THz polarization and the input
laser polarization are both set parallel to the [-110] axis of the EO crystal, as
shown in Figure.5.11.(a). Both the EO crystal and the birefringent Lyot crystal
share the same axis and are oriented at 45° relative to the input laser polarization
and the final horizontal analyzer (see Fig.5.11.(b)).

This setup can be modeled as a Mach-Zehnder interferometer, where the
two optical paths experience different modulations. The first arm, Ey td( - 1),
undergoes a temporal delay imposed by the Lyot filter and a phase modulation
of ¢(a =0,t) = —¢pgL(t) induced by the THz field. Meanwhile, the second arm,
ESt(1), is only modulated by the THz signal with a phase shift ¢,(a = 0,t) =

¢reL(t), an illustration is given in Fig.5.11.(c) [18].
12The THz-induced phase shift in the standard configuration is Acf)Std( = 2/’\70‘1 n0r41EFEL( )
while in the phase diversity configuration is A¢p"P(t) = Kf nyra1 EFer)

I3Note that the following superscripts Std stand for the standard configuration throughout
this section.
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EO crystal Birefringent material

[001]
\ \
ny SN THz Ny o=~

1 Brizati 1
259 polarization 259

\ S

. Laser . Laser
[\ polarization ~ polarization

/ Oscilloscope \
IE L2>>L1 ]ig/’/U)
several fs | EO Elr_e_frjlhé_ehi: @ [ ” \
L1 | ‘crystal material | _Analyzer >
jt @ Several ps : ﬂ ﬂ i[ PBS 15t Time (ns)
1 1 l
fs laser IF —h 1— + Time >
Dispersion ' U u X stretch
E e - Y
! Bothttpe EO atndtL é)g ' >
| crystal are set at 45° | \_ Time(ns) /
Input 45°
several fs laser polarisation Delay / Oscilloscope \
I L1 severalps A At Several ps TP (t)
TeAOMs ENENNIET I
fs laser .
Dispersion u u Erof(t) @ >
f —¢rEL(t) Time (ns)
ﬂ \ ]F’/d(ﬂ
> Time -
u Several ps N\~ |qtrotch
¢FEL(t)ﬁ_
Em(t) > >

Time (ns) 7

Figure 5.11: Principle of the all-optical HEARTS method in the standard
electro-optic configuration (a) Experimental arrangement showing the relative
orientation of the THz polarization and laser polarization with respect to the EO
crystal and birefringent material axes. (b) Illustration of the all-optical HEARTS
method using the standard EO configuration. The laser polarization and the
analyzer are set parallel to the [-110] axis of the EO crystal. The EO and Lyot
crystals share the same axis orientation and are displayed in (a). The analyzer is
a Polarizing Beam Splitter (PBS). The two resulting outputs Iftd(t) and Igtd(t)
are temporally stretched using photonic time-stretch technique and sent to the
low bandwidth oscilloscope readout. (c) Optical analog of a Mach-Zehnder
interferometer, where the 45° input laser polarization is split into two arms:
one arm experiences a time delay and a phase modulation by the THz field,
while the other is only phase-modulated by the THz signal. The two outputs are
then temporally stretched using photonic time-stretch and are visualized on an
oscilloscope, showing the intensities I7%(t) and I3'%(t) over time.
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1. Theoretical Study of the All-Optical HEARTS Method in Standard EO

Configuration Based on Mach-Zehnder Interferometer Equivalence :

Following a similar approach as in the phase diversity configuration subsec-

tion. 5.3.3.1, we derive the expressions for the local oscillator Ef(t)d(t — 1) and

modulated E3!(t) electric fields:

Eo(t—1) _; Alt -
ESi(t—1) = yeﬂ%”(t) ~ A > Dm0 g —i¢rpL(t))
Eo(t) ; Alt) _i
Efntd(t) — 0; )el(PFEL(t) ~ %Q_ZC’Q (]_ + i(PFEL(

t))

(5.44)

(5.45)

To focus on the behavior of the heterodyne peaks, we apply the same derivation

as in the phase diversity case to the standard configuration fields, Efgi(t —7)and

E3!4(t). The resulting first-order Fourier transforms of the normalized output

signals!'4, 1715’:201 m(cu), are given by:
2 .
Ssea ), mom| F2icos(FE +)8(w + wpo - wppr e OrE
Y, (w) = N W2 '
+21 cos( FC +1)0(w — wpo + wppp )e” (TWFEL)
2 w T
—4i sin(wngL sm(“’””)é(w WrEL) (p+=H5L7)
2 w T
+4i sin(w{gL )sm ( WEELT ) S(w + wppr)e” (p—=H5L%)
+2i cos(w{—(’;fL +9)8(w + wro + wppp)e!TFEL)
2 .
+2i cos(“£EL + 9)5(w — wpo — wpgp)e” (TP

Lower Sideband
Wrp = lwpgr — @rol

FEL THz Signal
WFEL

Upper Sideband
w;_p = |wppr + @rol

(5.46)

Compared to the phase diversity configuration, an important distinction is

that the sinusoidal terms affect not only the THz peak but also the up and

downconverted components.

(5.47)

The downconverted signal Y1 2) Std(a)) = ?ﬁ;gpe Std(a)), extracted from the full
expression, are given by:
FScope Std m w§ 1
Yl,2 P ((1)) =—|F2i COS(ZF—C]:;L + 1,b)6(w +wro— wFEL)e_Z(T“’FEL)
w? .
+2i COS(% + 1/))5(0) —wro+ C()FEL)e_l(TwFEL)

Due to the presence of cosine terms, neither output provides a direct, undistorted

copy of the original THz field.

14As the zero-order components are identical to those in the phase diversity case, correspond-

ing to the LO peaks described by Eq.5.33
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To further analyze this behavior, we derive the transfer functions for the
downconverted THz signal %%d(wl}) associated with the standard EO configu-

ration:
2

@ .
Zﬁlisztd(a)fp) = iZiCOS(ZF—éL)e_lTwFEL (5.48)

755 (wp)| = 2 (5.49)

2
WrEp
COS( 2C )

The magnitude of this transfer function, shaped by a cosine function, confirms
that the system introduces amplitude distortions affecting both outputs. More-
over, since both transfer functions are identical, performing deconvolution using
the two signals is ineffective. The zeros of their transfer functions coincide, lead-
ing to a loss of information in both arms simultaneously, ultimately preventing

the reconstruction or retrieval of the original THz field.
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Figure 5.12: Magnitude of the transfer function for the standard EO config-
uration. The cosine dependence leads to amplitude distortion in both output
signals, preventing accurate retrieval of the original THz field.

This analysis demonstrates that all-optical HEARTS method in standard EO
configuration, does not allow direct access to the original THz field, even via

algorithmic post-processing techniques.
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2. Computational Model of the Standard EO Configuration Based on

Jones Matrix Formalism: :

To validate the analytical results obtained for the standard EO configuration, we
perform a computational model based on the Jones matrix formalism, following
the same approach as in the phase diversity configuration. In this case, the

resulting Jones matrix is given by:
M3 () = Miyor [ = Adryor |Meo | = Adpper (¢ 5.50
et () = Myt 1 $ryot )MEO 1 $reL(t) (5.50)

The Jones matrix of the input laser polarization is:

E? (t) = Eq(t) ! (5.51)
in — =0 .
0

Using this formalism, the two temporal output electric fields, Eftd(t) and Egtd(t)

are computed as follow:

10 0 0
ES'(t) = M:A(HE (1) BSM(t) = M (+)E? (1) (5.52)
0 0 0 1

To ensure a consistent comparison, the computational parameters used here, in
the standard configuration, are identical to those employed in the phase diver-
sity configuration. The resulting spectral components, ?15 () and ?25 4 (w), in

presence of a THz signal are presented in Figure 5.13.

Panel (a) shows the full spectra of Y;"(w) and Y;'?(w), where the high-intensity
LO peaks are the most prominent features. Panel (b) displays a vertical zoom of
(a), revealing the central THz peak along with the up- and down-converted side-
bands. All of them exhibit distortions introduced by the standard configuration
transfer function, %flfztd(w), in the standard EO configuration (eq. 5.46).

To further examine the impact of these distortions, we perform the same simula-
tion as in Figure. 5.13 while incorporating a Gaussian temporal envelope into
the THz signal. The results are illustrated in Figure 5.14, where the temporal
input THz field (a) is compared with the down-converted output signal (b). This
comparison highlights how the Gaussian-enveloped signal is reshaped by the

transfer function of the standard EO configuration.
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Figure 5.13: Spectral output components ?15“1((1)) and ?ftd(w) in presence of
a THz signal. (a) Fourier transform of Y3'(t) and Y;'?(t) in the presence of a
THz signal using a high-bandwidth readout. The local oscillator peak dominates
the spectral amplitude. (b) Vertical zoom of (a) revealing the heterodyne mixing
terms. As predicted by Eq. 5.46, the direct FEL THz peak and the sidebands
exhibits distortions introduced by the cosinusoidal and sinusoidal transfer func-
tion. The mixing of the FEL signal (15 THz) and the LO (16.56 THz) results
in down-converted and up-converted signals at 1.56 THz and 31.56 THz, re-
spectively. The low-bandwidth readout response is plotted to demonstrate the
isolation of the down-converted signal through spectral filtering.
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Figure 5.14: Numerical comparison between the input signal and the down-
converted heterodyne outputs in the standard EO configuration. (a) Multicycle
input signal at 15 THz. (b) 1.56 THz downconverted heterodyne outputs in the
standard configuration. A noticeable distortion arises due to multiple peaks in
the Fourier space, caused by zeros in the system’s transfer function. Moreover,

as predicted in Equation. 5.46, both output components exhibit the same shape
but with opposite signs.

The simulation results for the standard EO configuration align with the
analytical predictions derived in the previous subsection. In particular, the
simulated spectral components, 1715td and 725 4 exhibit the central THz peak
along with the up- and down-converted components, with distortions arising
from the system’s transfer function. The comparison between the input THz
field and the down-converted output clearly demonstrates a distortion, which

arises due to multiple peaks in the Fourier space caused by the presence of zeros
in the transfer function!>

Overall, both analytical and numerical analyses highlight the limitations of the

standard EO configuration in accurately reconstructing the original THz field.

15Additionally, as predicted by Equation 5.46, both output components show the same shape
but with opposite signs.
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Conclusion on the choice of the all-optical HEARTS configuration

In comparing the phase diversity and standard EO configurations, several

key differences and implications for THz signal retrieval emerge.

The phase diversity configuration is advantageous in that it does not intro-
duce any distortion on the down-converted signal. This enables the direct
observation of the THz signal, eliminating the need for reconstruction
algorithms. Furthermore, the output signals are identical in shape but
opposite in sign, which allows for effective balanced detection schemes,

improving signal-to-noise ratio.

In contrast, the standard EO configuration, while offering an improvement
in signal-to-noise ratio by a factor of 2, is intrinsically limited. It intro-
duces distortions into the down-converted signal via the system’s transfer
function, preventing direct access to an undistorted version of the THz
field. Furthermore, reconstruction algorithms are ineffective because both
transfer functions are identical and share zeros at the same frequencies.
This results in an irrecoverable loss of information, rendering the recovery

of the original signal impossible through deconvolution.
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Figure 5.15: Comparisons of the transfer functions between the all-
optical HEARTS phase diversity and standard EO configurations:

(a) Transfer function of the down-converted signal for the phase diversity
configuration. The absence of zeros ensures a direct representation of the
THz field, eliminating the need for reconstruction algorithms.

(b) Transfer function of the down-converted signal for the standard EO
configuration. The presence of zeros introduces distortions in the THz
signal, and their occurrence at the same positions makes reconstruction
algorithms ineffective.
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Thus, despite the potential benefits in terms of SNR, the standard EO
configuration proves unusable for accurate THz field measurement.

Therefore, the phase diversity configuration is the essential choice for the
all-optical HEARTS detection scheme, as it uniquely provides a direct,

undistorted copy of the THz signal at the lower intermediate frequency

GHz
VIF .

5.4 Chapter summary

Chapter summary

This chapter established the theoretical foundation for the novel Hetero-
dyne Electro-Optic Analysis and Reconstruction of THz Signals (HEARTS)
method.

We first demonstrate the limitation of conventional single-shot diagnostics,
where in the case of photonic time stretch, the required high-bandwidth
oscilloscope leads to inefficient resource use (bandwidth waste) for narrow-
band multicycle THz pulses, thereby impeding the realization of real-time
diagnostics systems.

To overcome this, we presented the HEARTS method, which integrates
all-optical heterodyning with the photonic time-stretch technique. The
theoretical framework detailed how the use of simple birefringent crystals
(YVO4) allows for the optical generation of a necessary tunable THz local
oscillator via a Lyot filter.

Most importantly, the theoretical and numerical analysis demonstrated
that the HEARTS method must employ the phase diversity electro-optic
configuration to ensure a flat and non-distorting transfer function. This
finding guarantees that the detected, down-converted intermediate fre-
quency signal is a faithful and undistorted replica of the original high-
frequency THz pulse, all within an affordable readout bandwidth.

This theoretical analysis validated the HEARTS design required for the ex-
perimental proof-of-principle demonstration at FELBE in Chapter. 6.
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Chapter 6

Experimental demonstration and
implementation of the HEARTS
detection technique at FELBE

In the field of observation, chance

favors only the prepared mind.

— Louis Pasteur, 1854, Lille

university

6.1 Introduction

Chapter 5 established the theoretical foundation for the novel Heterodyne
Electro-Optic Analysis and Reconstruction of THz Signals (HEARTS) technique.
This single-shot electro-optic strategy was designed for narrowband THz sources
to resolve the inefficient use of high-bandwidth electronic readouts and enable
future real-time diagnostics. By integrating all-optical heterodyning, Photonic
Time-Stretch, and a phase diversity configuration, HEARTS guarantees the
acquisition of a faithful, down-converted signal within an affordable readout
bandwidth.

This chapter now transitions from the theoretical design to the practical,
experimental realization of the HEARTS technique. To demonstrate both its
experimental proof-of-principle and its immediate applicability to accelerator
diagnostics. A dedicated measurement campaign was conducted at the oscillator
Free-Electron Laser in Dresden (FELBE). FELBE generates tunable, narrowband
THz radiation (1.2-60 THz) at a 13 MHz repetition rate. However, the source
is affected by Carrier-Envelope Phase (CEP) drift, a parameter that needs to be

131
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known or stabilized for THz pump-probe experiments. Therefore, the ultimate
goal of this campaign was to implement the HEARTS technique within an
experimental setup, enabling Carrier-Envelope Phase (CEP) diagnostics for the
FELBE source using a low readout bandwidth.

The chapter begins by detailing the characteristics of the FELBE facility and
outlining the motivations for CEP diagnostic. Following this, the Section 6.2 pro-
vides a detailed description of the experimental setup using a 1550 nm chirped
probe laser. This setup allows easy switching between the DEOS (without het-
erodyne) combined with photonic time-stretch and the HEARTS configurations.
The experimental system preparation is then addressed, detailing the experi-
ment system noise floor (Section. 6.3) and the alignment steps, including the
THz properties, transport, the spatial overlap and timing between the chirped
probe laser and the THz field (Section. 6.4).

Before proceeding to the HEARTS demonstration, Section 6.5 details a pre-
liminary experiment using a high-bandwidth acquisition system in a DEOS
configuration. This preparatory step was necessary to confirm the observability
of the FEL THz signal, as there was initial uncertainty regarding the performance
of the GaAs EO crystal at the 3.44 THz frequency!.

The core results are presented in Section 6.6, detailing the experimental demon-
stration of the all-optical HEARTS in its phase diversity configuration. This
section includes the first recorded EO down-converted signal achieved with
a low-bandwidth acquisition system (a 2.5 GHz photodetector and a 4 GHz
oscilloscope).

The final section of this chapter, Subsection 6.6.3, is dedicated to the study of
the CEP drift of the FELBE source. This CEP diagnostic was realized using EO
measurements recorded in the HEARTS configuration with a low-bandwidth

readout, thus directly proving its utility for accelerator diagnostics.

IThis was the first time we used an experimental setup at 1550 nm, which required the use of
a GaAs EO crystal, to record a narrowband THz signal at this frequency.
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6.1.1 The ELBE facility
The Electron Linac for beams with high Brillance and low Emittance (ELBE),

is a user-oriented research facility located at Forschungszentrum Dresden-
Rossendorf in Germany, providing powerful radiation sources since 2002. The
central component of ELBE is a superconducting linear accelerator that is able
to produces ultrashort electron bunches with an energy of 40 MeV.

The ELBE facility offers flexible operational modes to satisfy various ex-
perimental requirements. These modes are produced at the repetition rate
up to 26 MHz, in continuous or burst mode. The accelerated electron beams
are directed to multiple experimental halls enabling the creation of multiple
secondary radiation and particle beams. These include 2 free-electron lasers
(FELBE), Bremsstrahlung, positron beams (pELBE), electron and neutron beams
(nELBE), hard X-rays, and superradiant THz radiation, all of which enable a
wide range of scientific investigations.

In this thesis, the measurement campaign is perform at FELBE the oscillator
FEL.

6.1.1.1 The Free Electron Lasers of the ELBE facility (FELBE)

The Free-Electron Lasers at Dresden (FELBE) are narrowband THz radiation
sources operating as an FEL oscillator.

For a detailed explanation of the oscillator-type FEL operating principle, the

reader is referred to Section 1.4.3.

1. Key characteristic of FELBE and undulator choice

FELBE is equipped with two FEL systems utilizing different undulators, the
U37-FEL and the U100-FEL, with undulator periods of 37 mm and 100 mm,
respectively. These systems produce intense, coherent electromagnetic radiation
tunable across the mid- to far-infrared range. The U37-FEL covers the range
from 5-40 pm, while the U100-FEL is designed to cover the range from 18-250
pm. A summary of the key performance parameters for the emitted radiation is
provided in Table 6.1, and further details about the two undulators are listed in
Table 6.2.
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Parameters Design  Unit

Energy range  5-40 MeV
Pulse length 1-25 ps
Pulse energy 0.1-2 nJ
Peak power uptol MW
Average power upto20 W

Table 6.1: Key characteristics of FELBE

In order to test the novel all-optical HEARTS method, the primary objec-
tive was to measure FEL pulses in the low-frequency, long-wavelength regime.
Therefore, the experiment was performed using the U100-FEL, as its operational
range of 1.2-16 THz (18-250 pm) is ideally suited to generate this required
low-frequency THz radiation. The U100 undulator is composed of 38 periods.

This number of periods determines the order of magnitude of the number of

THz cycles.
Undulator characteristics U37 U100
Undulator period A, 37 mm 100 mm
Number of period N, 54 38
Undulator parameter K, 0.4-1.35 0.5-2.8
Wavelength range 5-40 pm  18-250 pm
Frequency range 60-7 THz 16-1.2 THz

Table 6.2: Parameters of the undulators of FELBE

2. The FELBE time structure

FELBE can be configured to operate in three distinct modes, in continuous wave
at a 13 MHz repetition rate, in macropulses, or single-pulse switched mode.

For the experiment described in this chapter, we selected the macropulse mode
operating at a 13 MHz micropulse repetition rate, as illustrated in Figure 6.1.
This operational mode was chosen for two primary reasons. First, it allowed us
to maintain high peak power levels, while limiting thermal effect (damage) due
to the average power?. Second, the macropulse structure was essential to enable
a detailed observation of the FEL’s turn-on and turn-off dynamics during the

course of the macropulse. The temporal structure of the macropulses is defined

%In practice, the average power was around 20 mW
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by an approximate duration of 0.5 ms and a repetition period of 40 ms, with the

13 MHz micropulses being emitted only within this 0.5 ms window.

macropulse duration

500 us
e S——

< >
<

macropulses micropulses Time
repetition rate

Figure 6.1: Temporal structure of THz emission : The figure shows 13 MHz
micropulses contained within 0.5 ms macropulses, with a 40 ms repetition rate.

6.1.2 Motivations for Carrier-Envelope Phase (CEP) Diagnos-
tics

In an oscillator FEL, the synchronization between the arrival time of the electron
bunch and the round-trip time of the existing FEL pulse within the resonant cav-
ity is required. This synchronization is achieved and controlled by a parameter
known as cavity detuning, which is adjusted by changing the position of one
of the cavity mirrors. This detuning directly influences the efficiency and the
Carrier-Envelope Phase (CEP) of the FEL.

1. Principle and Consequences of Carrier-Envelope Phase (CEP) Drift

The CEP is defined as the phase of the carrier wave relative to the peak of its
pulse envelope. The phenomenon of CEP drift is a consequence of the velocity
mismatch between the group velocity V, of the pulse envelope and the phase
velocity V;, of the carrier wave as they propagate through the oscillator cavity.
As the THz pulse travels through the resonant cavity, this velocity mismatch
causes the carrier wave to slip relative to its envelope on each round trip. This
phase slippage accumulates over time, leading to a continuous drift of the CEP.
Management of the CEP drift for the THz pump-probe experiments is required
either by suppressing it, or by recording the CEP (in real-time) during the mea-

surements. A clear representation of this effect is provided in Figure 6.2.

2. Review of Single-Shot CEP Diagnostics at FELBE

Previous single-shot measurement have been performed to characterize the
carrier-envelope phase drift of the THz radiation sources at FELBE.

One such notable study, by I. Ilyakov et al. [26], focused on field-resolved THz
time-domain spectroscopy using the pulsed radiation from FELBE. While this

work successfully diagnosed the CEP drift by using a measure-and-sort technique,
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it did not provide access to the full temporal profile of the THz pulses in a single
shot.

Another notable study of the CEP drift and THz characterization at FELBE has
been realize by C. Hanoun et al. [129]. Their measurements at FELBE, using
a 1030 nm phase diversity EO setup successfully provided access to the full
temporal profile, including both the carrier and the envelope, of the 4 THz
monochromatic pulses in a single-shot. This achievement enabled the first-ever
observation and characterization of the FEL’s dynamics and CEP diagnostic in a

single-shot.

3. Advancing Single-Shot CEP Diagnostics with the HEARTS Technique

The work presented in this chapter aims to further advance these single-shot CEP
diagnostic capabilities by reducing the readout electronic bandwidth require-
ments. This bandwidth reduction is achieved by employing the novel all-optical
HEARTS technique, which combined single-shot EO techniques with a hetero-
dyning mixing process and photonic time-stretch techniques (as detailed in
Chapter. 5). The results presented herein provide the foundation for future real-
time, single-shot characterization of narrowband THz signals. Furthermore, this
work serves as a proof-of-principle demonstration for capturing multiple cycles
of a narrowband THz signal without the need for high-bandwidth oscilloscope
(e.g >10 GHz).
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Figure 6.2: Principle of carrier-envelope phase (CEP) drift in an oscillator
FEL : This figure illustrates the concept of carrier-envelope phase drift from one
optical pulse to the next (detailed within the green rectangle). The CEP drift
is caused by a velocity mismatch between the group velocity V, of the pulse
envelope and the phase velocity V of the carrier wave in the oscillator cavity.
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6.2 Experimental apparatus presentation

This section provides a description of the single-shot all-optical HEARTS ex-
perimental apparatus, detailing its implementation using the phase diversity

configuration®.

Notes on chirped probe wavelength choice : 1030 nm vs 1550 nm

The choice of laser wavelength was an important factor in the experimental
design, with a decision to be made between 1030 nm and 1550 nm.

The 1030 nm wavelength was considered a reliable and proven option.
It had been successfully used in previous experiments at FELBE by C.
Hanoun et al, and its compatibility with GaP crystals as established.

In contrast, the 1550 nm wavelength, a standard for telecommunications,
offered significant advantages. The telecommunications market has led
to the development of a wide range of high-quality optical components,
that could be used to optimize the experimental setup. Furthermore,
1550 nm pulses can be more easily stretched due to lower power losses
within optical fiber compare to 1030 nm [84], leading to the use of lower
bandwidth readouts. Nevertheless, the choice of a GaAs electro-optic
crystal introduced a major uncertainty, as its performance and response
had not been thoroughly tested at the THz frequencies of interest for this
experiment.

Given these considerations, we decided to choose the following experimen-
tal strategy.

Plan A, considered the most promising due to its long-term potential, was
to use the 1550 nm setup.

Plan B involved a fallback to the well-proven 1030 nm configuration, to
be implemented only if the initial tests with 1550 nm were unsuccessful.
Fortunately, the success of the 1550 nm implementation meant we did not

have to resort to Plan B.

1. Femtosecond probe laser :

The probe laser is a femtosecond erbium laser (Toptica) centered at 1550 nm.
The output pulses are compressed, close to their Fourier limit. It exhibits a 62
nm bandwidth, corresponding to 7.8 THz, as depicted in Fig. 6.4, and delivers
an output power of 250 mW in free space. The laser operates at a repetition rate
of 78 MHz and is synchronized to the FEL using a laser timing synchronization

system, achieving a phase jitter of < 500 fs.

3The importance of the phase diversity configuration to ensure a flat and non-deforming
transfer function is detailed in Section 5.3.
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Figure 6.3: Single-shot electro-optic detection setup for narrowband THz FEL signals using the all-optical HEARTS technique in
phase diversity configuration. A chirped 1550 nm laser pulse and the THz FEL signal are co-focused onto a Gallium Arsenide (GaAs)
electro-optic (EO) crystal, inducing a phase modulation. The modulated laser pulse is heterodyned using a local oscillator generated
by a Lyot filter with a YVO, birefringent crystal. The resulting modulated and heterodyned laser pulse is separated into orthogonal
polarization states by a polarizing beam splitter (PBS), each directed via optical circulators into an 8 km single-mode fiber (SMF-28) for
temporal stretching. One polarization arm is further delayed by a repetition period. Balanced detection is then performed on both
arms, and the individual polarization components are recorded using an oscilloscope. Pol: Polarizer, HWP: Half-wave plate, VOA:
Variable optical attenuator, M: Mirror, L: Lens.



6.2. Experimental apparatus presentation 139

—— Laser spectrum

__ 800 A1
]
C
3 600 A FWHM
S
S M =622 nm
§ 400 — e
=

0 -

1450 1475 1500 1525 1550 1575 1600 1625 1650
Wavelength (nm)

Figure 6.4: Probe laser spectrum measured with an optical spectrum analyzer,
showing a bandwidth of 62.2 nm (7.8 THz).

2. Chirped probe laser :

The femtosecond probe laser pulses are chirped using a homemade grating
compressor consisting of a pair of gratings with 600 lines/mm as shown in
Fig.6.3. The grating compressor exhibits a transmission efficiency of 65 %.

It is capable of stretching the probe laser pulses to a duration of up to 20 ps, a
PM1550 fiber can be add to increase further the recording analysis window T;.
The use of a grating compressor offers two primary advantages.

Firstly, it prevents nonlinear effects that could distort the laser spectrum if short,
high-power pulses were coupled into optical fibers.

Secondly, it enables a continuous adjustment of the temporal window, T;, to
match the THz signal, an important aspect in this EO heterodyne experiment as
defined by Eq.5.18.

3. EO head:

The electro-optic head was constructed by mounting optical components on a 20
cm x 60 cm optical breadboard, as depicted in Fig. 6.3. Initial beam collimation
was achieved using a fiber collimator (Thorlabs TC06 APC-1550), with a 6.18
mm focal length. A linear polarizer was then employed to ensure a well-defined
linear polarization state. To control the beam intensity and prevent detector
saturation, a free-space variable optical attenuator (VOA) was implemented.
This VOA consisted of an achromatic half-wave plate (HWP) (Thorlabs FBR-
AH3), in conjunction with a 5 mm polarizing beam splitter (PBS) cube (Thorlabs
PBS054). Following the VOA, a second HWP, carefully aligned at 22.5°, was used
to orient the laser polarization at a 45° angle relative to the [-110] axis of the
GaAs crystal, thus implementing a phase diversity configuration. Subsequently,
a plano-convex lens (Thorlabs LA1207-C N-BK7 C-coated) with a 10 cm focal
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length was incorporated to focus the laser beam onto the EO crystal.

The horizontally polarized THz beam was directed to the EO board using a
2-inch diameter off-axis parabolic mirror with a 2-inch focal length.
This parabolic mirror focused the THz beam onto the crystal while allowing the
laser beam to pass through a central aperture to reach the EO crystal. Three
110-cut Gallium Arsenide (GaAs) crystals with AR coating at 1550 nm, from Del
Mar Photonics, tested during the experimental run: a 10 x 10 x 3 mm, a 0.5 mm
thick crystal, and a 0.1 mm thick crystal. A second lens (Thorlabs LA1207-C),
with a 100 mm focal length, was implemented, followed by a dedicated space for
the insertion of a Lyot filter. This Lyot filter, made of YVO4 birefringent crystals
with an "adjustable” thickness (achieved by adding or removing YVO4 crystals),
is the key component used to switch the EO system into the Heterodyne EO
(HEARTS) configuration (when inserted) or the non-heterodyne Phase Diversity
configuration (when removed). Then a HWP, rotated to 22.5°, was used to ensure
the phase diversity configuration. Finally, a 5 mm PBS was utilized to decompose
the modulated signal’s polarization state, generating two orthogonal polarization

components that were subsequently directed through collimators.

4. Photonic Time stretch :

The fourth part covers the photonic time-stretch technique, which involves slow-
ing down the modulated signal by introducing dispersion using optical fibers.
Following the collimators, all subsequent components are interconnected via
single-mode (SM) fiber. The dual optical outputs of the EO head are directed
through two identical optical circulators from ANYLINK, each with losses below
0.88 dB. These circulators redirect the modulated laser pulses, representing
orthogonal polarizations, into a single 8 km FS SMF28 fiber. This fiber, char-
acterized by a dispersion of 18 ps/(nm-km) and an attenuation of 0.16 dB/km,
induces a temporal stretch of up to 8 ns, as illustrated in Fig. 6.6a%.

To ensure identical temporal stretching and delay for both polarization states,
a symmetrical design is employed. However, minor variations in fiber lengths
can lead to small temporal delays between the polarizations. These fiber length
mismatch are compensated using an AFR variable optical delay line, providing
a 0-500 ps adjustment range, within one optical arm. Additionally, a variable
optical attenuator is incorporated into the second arm to balance the laser power
between the two polarization states, ensuring equal power levels.

Finally, to enable the independent recording of each polarization state, a fiber

with a length equivalent to the temporal period of a 78 MHz laser pulse is intro-

#Note that an experimental observation of the Dispersive Fourier Transform can be found be-
tween the similarity of the laser spectrum, measured with an OSA in Fig. 6.4, and the temporally
stretched waveform recorded by an oscilloscope in Fig. 6.6a.
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duced into one optical path. This temporal separation allows for distinct data
acquisition of each polarization. A clear visualization of this configuration is

provided in Figure 6.5.
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Figure 6.5: Illustration of the time-stretch configuration in phase diversity
technique showing a fiber-induced delay (laser repetition period) for polariza-
tion state separation. Analog balanced detection is then employed to reduce
common mode laser contributions.

5. Readouts :

High-bandwidth readout configuration enabling preliminary tests:

For this experiment, initially, a high-bandwidth readout system was utilized to
establish a baseline for signal acquisition. This system comprised a Discovery
Semiconductors DSC-R412 balanced photoreceiver (20 GHz bandwidth, variable
gain ranging from 30 to 2800 V/W, 40 pW//Hz optical noise equivalent power)
and a Teledyne Lecroy SDA820Zi-B20 WaveMaster 8 Zi-B oscilloscope (20 GHz
bandwidth, 80 GS/s). This configuration allowed for the initial detection of
signals through time-stretch methods, providing a familiar starting point before
progressing to more complex heterodyne experiments. Furthermore, this setup
facilitated a proof-of-principle experiment, enabling the observation of the FEL,

the local oscillator, and the resulting downconverted frequency.

Low-bandwidth readout configuration demonstrating bandwidth reduction
capabilities of the HEARTS technique:

To demonstrate the bandwidth reduction capabilities of our novel HEARTS tech-
nique, a second readout configuration was implemented. This setup employed
a InGaAs balanced amplified photodetector (Thorlabs PDB780/AC) (1 MHz
to 2.5 GHz bandwidth, 2125 V/W @1310 nm RF output conversion gain, 15
pW/y/ Hz noise equivalent power) and a 4 GHz Rohde & Schwarz oscilloscope.
By employing this lower-bandwidth configuration, we aimed to selectively ob-
serve and record the downconverted intermediate frequency, thus validating the

HEARTS method’s potential for reducing the required detector and oscilloscope
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bandwidth.

In both experimental setups, the oscilloscopes were dual-triggered, synchro-
nized to both the macropulse signal and the micropulse repetition rate of 13
MHz.

6.3 Experiment System Noise Floor Characterization

This section details the noise floor characterization of the experimental system
using the high-bandwidth readouts configuration (20 GHz) in subsection.6.3.1
followed by a comparative analysis of noise floor between balanced and inde-

pendent measurements in Subsection 6.3.2.

Noise floor definition :

The noise floor defines the system’s limit of detection, representing the mini-
mum detectable signal that can be reliably distinguished from background noise.
With no THz modulation applied to the laser pulse, in an ideal scenario, the
balanced detection signal would be null. However, in practice, residual signals
arising from optical component imperfections are observed, as depicted in Fig.
6.6.(b). The noise floor is quantified as a noise equivalent phase shift (radians)
or electric field strength (V/m), derived from the ratio of the residual noise to
the input laser intensity profile. Notably, the system’s sensitivity demonstrates a
direct dependence on the input laser power, increasing the power results in an

enhanced sensitivity.

6.3.1 Noise floor measurement of the experimental setup
using the high-bandwidth readouts (20 GHz)

We characterized the system’s noise floor using the high-bandwidth (20 GHz)
readout configuration and the 8 km time-stretch fiber, under conditions relevant
to subsequent measurements. The measured noise floor was approximately 4.2
mrad® over an 8 ns time window, as illustrated in Fig. 6.6.(c). As a reference, we
also evaluated the intrinsic noise floor of the readout system, comprising the
balanced detector and oscilloscope, in the absence of both the THz and probe
laser signals. This baseline noise floor was determined to be approximately 0.5
mrad (Fig. 6.6.(c)).

>Average value over the 8 ns recording window
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Figure 6.6: Characterization of system noise floor (a) Measured laser pulse
shape at a single input of the balanced detector. (b) Residual signal resulting
from the balanced detector’s output difference, demonstrating optical compo-
nent imperfections. (c) System sensitivity (orange) measured at approximately
4.2 mrad, and combined noise contribution of the 20 GHz balanced detector and

oscilloscope (green) measured at approximately 0.5 mrad, both in the absence of
a THz signal.
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Figure 6.7: Noise floor comparison between balanced detection (subtracting

identical laser pulses) and phase diversity configuration (neighboring pulse

subtraction) (a) Measured laser pulse shape at a single input of the balanced

detector. (b) Residual signal resulting from the balanced detector’s output

difference, demonstrating optical component imperfections, blue: balanced
detection configuration, orange: phase diversity configuration. (c) Comparison
of the system’s sensitivity using balanced detection (subtracting the identical
pulses) in blue versus phase diversity (subtracting neighboring laser pulses) in
orange.
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6.3.2 Noise floor comparison: Independent versus

balanced measurements

Unlike balanced detection, which uses identical pulses, phase diversity mea-
surements generate two simultaneous outputs by subtracting neighboring laser
pulses, leading to unbalanced signals (see Fig. 6.5). Consequently, the shot-to-
shot fluctuations present in each output are not perfectly canceled, leading to
an elevated noise floor.® A comparative analysis of the noise floor in balanced
detection (subtracting identical laser pulses) and phase diversity measurements
(subtracting neighboring laser pulses) is presented in Fig. 6.7. This compari-
son demonstrates the reduction in noise floor achieved by subtracting identical
shot-to-shot fluctuations. As detailed in Chapter 5, we have shown that for the
all-optical HEARTS technique in a phase diversity configuration, the two out-
puts provide equivalent information with opposite signs. This property enables
balanced detection, thereby enhancing the signal-to-noise ratio. A compelling
experimental evidence of the signal-to-noise ratio difference between indepen-
dent and balanced signals using EO heterodyne data can be found in Appendix
C.

6.4 THz properties, transport and alignment

This section details the specific THz beam properties and the procedures used to
achieve optimal spatial overlap and timing synchronization with the 1550 nm

probe laser at the electro-optic crystal.

6.4.1 THz frequency choice

For this experiment, a fixed THz wavelength of 87.1 pm, corresponding to a
central frequency of 3.44 THz, was selected. The THz signal was generated in
macropulse mode with a 13 MHz repetition rate.

The selection of the 3.44 THz frequency was driven by multiple factors,
including the optimization of the FEL efficiency and the avoidance of water
absorption lines. A key consideration was the trade-off between FEL output
power and the required EO crystal thickness. Higher frequencies FEL operation
generally produces increased power but necessitate thinner EO crystals to satisfy

phase-matching conditions.

%These measurements were conducted at the beginning of the experimental shift, utilizing a
5 km time-stretch fiber.
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6.4.2 THz beam properties

To ensure optimal electro-optic interaction, the THz beam profile at the EO
crystal position was characterized using a pyroelectric camera (Pyrocam).
The measured beam diameter was Dy, =490 pm and a D4O_y = 500 pm corre-

sponding in a beam waist of wo, = 245 pm and w, = 250 pm 7,

6.4.3 Alignment and focus of the THz and laser probe on the
EO crystal

Initial transverse alignment of the terahertz beam with the 1550 nm laser was
achieved using a visible 532 nm alignment laser. This alignment laser from the
FELBE beamline was previously aligned to the THz beam path. Fine transverse
alignment was then performed by replacing the GaAs EO crystal with a 400 ym
pinhole and superimposing the 1550 nm and 532 nm laser beams. This ensured

a spatial overlap of the beams at the interaction point as illustrated in Fig. 6.8.

FEL THz pulse :

Flip : green
imirror R alignement laser
t |
i Flip hﬁm
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Figure 6.8: Illustration of the precise spatial alignment of the terahertz and
1550 nm laser beams at the interaction point. Alignment is achieved by replac-
ing the electro-optic crystal with a 400 pym pinhole.

"W = Dyy/2
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6.4.4 Temporal synchronization of THz and 1550 nm laser

The temporal delay between the THz and 1550 nm laser pulses was controlled
to ensure their optimal overlap at the electro-optic crystal.

To achieve optimal temporal synchronization (see Figure.6.9), the temporal
delay between the THz and 1550 nm laser pulses was monitored using a fast
THz detector (a field-effect transistor (FET)) and a 5 GHz InGaAs high-speed
photodetector (Thorlabs DETO8CEFC).

The relative timing was adjusted by a variable delay to the radio frequency (RF)
reference signal supplied to the laser’s repetition rate synchronization system.
This delay was implemented using a mechanical RF delay line (ARRA 2448),
which was used to scan over 1 ns with 7 ps step, ensuring the entire THz signal

was accurately centered within the 1550 nm laser pulse’s temporal window.
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Figure 6.9: Temporal synchronization setup. The 1550 nm laser pulses were
detected with a 5 GHz InGaAs high-speed photodetector (Thorlabs DET08CFC),
and the THz pulses were detected using a field-effect transistor (FET) THz detec-
tor. To ensure accurate timing, the respective distances between the FET detector
and the original EO crystal position (now occupied by the InGaAs photodetec-
tor), as well as the SMA cable lengths. Both signals were then displayed on a
4 GHz oscilloscope. Temporal adjustments were made using an RF delay line
(ARRA 2448).
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6.5 Preliminary experiment:
Diversity electro-optic detection measurement

using photonic time stretch

This section details the preliminary THz measurements using the diversity
electro-optic sampling (without heterodyne) combined with the photonic time
stretch technique and the high-bandwidth readouts configuration (20 GHz).

Contextually, similar EO measurements employing the time-stretch method
had previously been conducted at 1 ym [129] (e.g., by C. Hannoun et al.). How-
ever, transposing this detection scheme to a 1550 nm probe wavelength intro-
duces several unknowns, particularly regarding phonon absorption and the
bandwidth characteristics of the Gallium Arsenide (GaAs) crystal at the fre-
quency of 3.44 THz.

To ensure the observability of the FEL THz signal, this first investigation
using the DEOS setup was an essential step before proceeding to the more
complex HEARTS technique with our 1550 nm system.

Several GaAs crystal thicknesses (including 500 pm and 100 pm) were tested.
Both thicknesses were found to be suitable for THz signal detection. Therefore,

this section present results obtained using the 100 pm thick GaAs EO crystal.

6.5.1 Recording window and theoretical stretch factor M

1. Recording window :

We opted for a recording window T; of 40 ps®, achieved through the grating
compressor (equivalent to 18 meters of PM1550 fiber at its maximum setting)
and an additional 17 meters of PM1550 fiber, resulting in a total effective fiber
length L; = 35 m. This temporal window has been chosen to allow the full THz

pulse to be recorded.

2. Theoretical stretch factor M :

With the total effective fiber length L; = 35 m, along with an SMF28 stretch fiber
of L, = 8 km, the theoretical stretch factor M is calculated to be 228. Conse-
quently, the stretched FEL frequency observed on the oscilloscope is expected to
be approximately 15 GHz. To detect this frequency within the phase diversity
configuration, we employed a 20 GHz balanced photodetector connected to a 20

GHz oscilloscope for signal acquisition.

8Previous EO time-stretch measurements at 1 pm required at least twice the expected FEL
pulse duration [129].
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6.5.2 Phase diversity dual-output

Figures 6.10(a) and (b) present the single-shot measurements of the two orthog-
onal output polarization states, Y; and Y, for a single emitted monochromatic
3.44 THz pulse. The spectra demonstrate a narrowband response centered at a
peak frequency of 3.44 THz, corresponding to a 15.13 GHz peak frequency on
the oscilloscope. Based on these measurements, the experimental stretch factor
M is determined to be 227, which is consistent with our theoretical prediction of
228.
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Figure 6.10: 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, here the 2480 shot of Fig.6.12.
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Figure 6.12: Complete FEL macropulse temporal profile and spectrum of Y; : (a) Temporal evolution of the macropulse exhibiting
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+25 mrad, as shown in Fig.6.10. (b) Spectrum of the macropulse, indicating a stable output at 3.44 THz.
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6.5.3 FEL macropulse in phase diversity configuration

The complete FEL macropulse, captured in a single acquisition, is shown in
Figure.6.12. This figure provides the macropulse’s temporal evolution, including
its turn-on and turn-off characteristics. The temporal profile in Figure 6.12.(a)
reveals the carrier-envelope phase drift, while Figure.6.12.(b) shows a stable

frequency of 3.44 THz throughout the macropulse.

Notes on experimental data analysis: Noise reduction and

temporal recalibration

The balanced detector signal is composed of waveform affected by the
electro-optic modulation (at 13 MHz) and waveform that are not affected.
The first step of the analysis consist in performing a subtraction between
these waveforms, in order to reduce the low-frequency laser common noise.
Following this step, the signals are normalized by the average laser shape
without THz to yield the dual-outputs equivalent phase-shifts, Y; and Y,,
expressed in radiant.

A detailed explanation of the data treatment is provided in the Appendix.C.

The data analysis also involved resampling the recorded waveforms based
on a time calibration to compensate for the higher-order dispersion intro-
duced by the 8 km stretch fiber.

A detailed explanation of the temporal correction algorithm is provided in
Appendix B.

Noise reduction and temporal calibration were applied systematically
to all data presented in this chapter, including to the HEARTS data in
Section.6.6.

This preliminary experiment using the DEOS system (without heterodyne)
combined with photonic time-stretch confirmed the observability of the THz
signal, employing a 1550 nm probe laser and a 100 pm thick GaAs crystal.
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6.6 Experimental Demonstration of the All-optical
Heterodyne Electro-optic Analysis and Recon-
struction of THz Signals (HEARTS) Technique

Building upon the preliminary experiment, this section details the implementa-
tion and results of the all-optical Heterodyne Electro-Optic Analysis and Recon-
struction of THz Signals (HEARTS) detection technique obtained in November
2024.

The implementation began with the generation of the THz optical local oscillator
(LO), accomplished via a Lyot filter composed of birefringent YVOy crystals. By
beating the LO with the FEL signal, we observed the first downshifted FEL signal.
This measurement demonstrated the system’s primary advantage by enabling
distortion-free downconverted signal acquisition using a low-bandwidth readout
system (a 2.5 GHz photodetector and a 4 GHz oscilloscope).

Finally, to highlight the direct application of the HEARTS method, the section
concludes with a study investigating the relationship between cavity detuning
and the carrier-envelope phase drift. This demonstrates the capability to diag-
nose and monitor the CEP stability using the HEARTS method combined with a

low-bandwidth readout.

6.6.1 Generation of the THz optical local oscillator via a

Lyot Filter

The THz optical local oscillator is generated using a Lyot filter, as detailed in
Chapter 5. To experimentally implement the Lyot filter for LO generation, it
is essential to select an appropriate birefringent material. Several birefringent
materials are available, each offering a distinct degree of birefringence An, as

summarized in Table 6.3.

Birefringent material An
PM fiber 0.0004
Quartz 0.008353
CaCO3 0.1572
YVO4 0.203

Table 6.3: Birefringence of differents materials
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One potential solution for generating a high-frequency THz local oscillator
involves the use of a polarization-maintaining (PM) fiber. Despite its weak
birefringence (An = 4.107* at 1550 nm), a significant phase delay between the
orthogonal polarizations can be achieved over several meters, potentially leading
to multi-THz oscillation. However, employing a PM fiber would undesirably
alter both the recording window duration and the temporal delay between the
THz and probe pulses.

Another solution involves using a birefringent crystal. For this experiment,
we selected YVO4 due to its highest birefringence (An = 0.203) among the
available options, which also included Quartz and CaCO3. We selected and pur-
chased several YVO4 crystals, each with a length of 9.6 mm. Theses crystals can
be placed in series to further increase the total length and, consequently, enhance
the phase delay between the horizontal and vertical polarization components of
the laser probe.
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Figure 6.13: THz optical local oscillator generated by the Lyot filter. (a) Laser
pulse shape without (orange) and with (blue) modulation. (b) Isolated THz
modulation (i.e, the difference between the laser pulse shape with and without
modulation). (c) Fourier transform of the THz modulation revealing a 3.85 THz
modulation (16.9 GHz after photonic time stretch).
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The YVO4 crystals were positioned immediately after the second lens follow-
ing the EO crystal, as depicted in Fig.6.3. Their birefringent axes were aligned
with those of the EO crystal. Furthermore, these crystals were easily remov-
able, allowing for a straightforward switch between DEOS and the all-optical
HEARTS measurement configurations.

We opted for three YVO4 birefringent crystals. This configuration was chosen
to generate a 3.85 THz modulation, corresponding to 16.9 GHz as shown in
Fig.6.13, which represents a downconverted frequency of 1.7 GHz matching
perfectly the photodetector bandwidth (2.6 GHz).

6.6.2 Experimental results from the all-optical HEARTS setup

in phase diversity configuration

This subsection details the experimental results obtained using the all-optical
HEARTS setup in phase diversity configuration.

By mixing the FEL signal at 3.44 THz (15.13 GHz) with the optical local oscillator
at 3.85 THz (16.9 GHz), a downshifted replica of the FEL spectrum is obtained
at an intermediate frequency of 0.41 THz (1.76 GHz), enabling detection with
the lower bandwidth readouts configuration (2.5 GHz photodetector and a 4
GHz oscilloscope).

A 500 pm thick GaAs crystal was selected as the EO crystal for this experiment,

offering a suitable balance between SNR and temporal resolution.

6.6.2.1 Single-Shot Measurements of the Downshifted FEL Signal using a
2.5 GHz Photodetector and a 4 GHz Oscilloscope

1. Measurements of the Two Downshifted FEL Signal Outputs:
Figure.6.14.(a) presents a single-shot measurement of the two orthogonal polar-
ization components of the downshifted FEL signal, denoted as Y/ and YJ*.

As predicted by the theoretical framework in Chapter.5 in Subsection. 5.3.3.1,
these two outputs exhibit similar temporal profiles free from transfer function
distortions. Furthermore, the two outputs have opposite signs, enabling bal-
anced detection that will effectively cancels common-mode noise®.

The corresponding spectra of these single-shot temporal profiles, are shown in
Figure.6.14.(b), each present a single peak at 0.39 THz (1.72 GHz).

The absence of spectral zeros further confirms the distortion-free nature of the

HEARTS method in phase diversity configuration.

9Data obtained with balanced detection on the same laser pulse, including the difference
signal YBP = Y/F — YIF are presented in Appendix.C.
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Figure 6.14: Single-Shot Down-Conversion and Distortion-Free Acquisition
of THz Signal using the HEARTS Method in Phase Diversity Configuration.
(a) Single-shot temporal profiles of the two downshifted orthogonal polarization

Frequency (THz)

components Y{f and Y,f resulting from the heterodyne mixing of the FEL

signal (15.13 GHz) and the optical local oscillator (16.9 GHz), enabling their
acquisition with a 2.5 GHz balanced photodetector and a 4 GHz oscilloscope.
(b) Corresponding spectra of the single-shot temporal profiles, exhibiting an
intermediate frequency peak at 1.72 GHz (equivalent to 0.39 THz) without
zeros confirming the distortion-free nature of the heterodyne phase diversity
configuration.

2. Downconverted FEL macropulse characterization :

The complete temporal and spectral evolution of the downconverted FEL macropulse,
acquired using our low-bandwidth detection system, is presented in Figure.6.15.(a)
and (b). The temporal profile of the macropulse in Fig.6.15.(a) clearly reveals

the CEP drift. The spectral profile in Fig.6.15.(b) demonstrates a stable central

frequency at 1.72 GHz throughout the macropulse.
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Figure 6.15: Characterization of the complete downconverted FEL macropulse. (a) Temporal evolution Y{¥of illustrating the
macropulse turn-on and turn-off, with the carrier-envelope phase drift clearly visible. (b) Spectrum of the macropulse, showing a stable
intermediate frequency output at 0.39 THz resulting from the beating of the 3.44 THz FEL and the 3.85 THz local oscillator.
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Brief summary: HEARTS Heterodyne Down-Conversion Demonstration

The first experimental demonstration of the all-optical HEARTS technique
proved the heterodyne down-conversion of a multicycle THz signal to a
lower intermediate frequency, that is temporally stretch down to few GHz.
As illustrated below, the initial FEL THz signal (a) at vggp = 3.44 THz was
mixed with an optically generated Local Oscillator (b) at v o = 3.85 THz.
This process resulted in an intermediate frequency signal (c) at vip =
0.39 THz, thus validating the heterodyne principle vig = |v o — vggr|- This
down-conversion reduced the required electronic readout bandwidth from
15.13 GHz to 1.72 GHz" after PTS, confirming HEARTS as an efficient,

low-bandwidth, single-shot diagnostic for narrowband THz sources.
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0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
DEOS measurements IFT(Y1)]
= 7.5 - (a) (using a high-bandwidth readout) 1
B 50- Ve =15.13 GHz [FT(Y2)|
s ViHZ =3.44 THz
0.0 W T arw A abosnssdarhod oAt sandnd W o
] LO generation via a Lyot filter
= 600 (b) (using a high-bandwidth readout) IFT(LO)|
B 400 - veHZ = 16.9 GHz
f£ 2001 V/H?=3.85 THz
0
15004 HEARTS measurements FT(YF
= () (using a low-bandwidth readout) [FT(v7)
= 1000 FT(Y’F)
s | Vi =172 GHz IFTOZ)]
£ 5007 / \ VIHZ =0.39 THz
hed A
0 1 2 3 4 5

Frequency (THz)

Figure 6.16: Spectra demonstrating the heterodyne down-conversion
principle of HEARTS. (a) The initial FEL THz signal measured using the
DEOS with Photonic time-stretch configuration, showing the FEL spectral
components at a stretched frequency v ? = 15.13 GHz (vi1? = 3.44 THz).
(b) The spectrum of the Local Oscillator (LO) generated via the Lyot filter,
peaked at VEOHZ =16.9 GHz (vggz = 3.85 THz). (c) The resulting Interme-
diate Frequency (IF) signal spectrum after down-conversion, showing a
frequency shift to a lower frequency vi'? = 1.72 GHz (v ? = 0.39 THz),
successfully demonstrating the heterodyne principle. Note that this down-
converted signal have no distortion resulting from the system’s transfer
function compared to (a).

This result in an hetero-stretch factor Myg = 13:;1;1 g}{é =2000
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6.6.3 Measurements of the CEP drift

To investigate the terahertz emission characteristics as a function of cavity de-
tuning, we conducted a study by varying the position of one of the two cavity
mirrors. This section will demonstrate that the HEARTS detection setup in
a phase diversity configuration provides CEP drift and temporal profile mea-
surements using a low-bandwidth readouts. The mirror position was scanned
from 8.234 mm to 8.316 mm. The measured THz power, acquired using a THz
powermeter, is presented in Figure 6.17 as a function of the mirror position.
This detuning curve reveals a clear dependence of the FEL emitted power on the

cavity length, with an optimal efficiency observed on the left side of the curve.
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Figure 6.17: FEL emitted power as a function of the cavity mirror position
: The detuning curve shows the dependence of the THz power on the cavity
length.

To analyze the CEP drift, we performed a two-dimensional Fourier transform
EEO(Vdriftl VGHz) of the single-shot EO measured signals Exp(n, t) over n round-
trips, according to the following relationship:

Epo(n,t) = Epo(Varift Vo) (6.1)

Here, v4,f; represents the frequency associated with n7g, (the time over n round-
trips) and corresponds to the THz repetition rate. This frequency quantifies
the speed at which the FEL pulses drift from one pulse to the next, effectively
describing the CEP drift speed. Meanwhile, v5p, denotes the frequency relative
to the stretch time .
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Increasing the mirror position resulted in a periodic behavior of the CEP
drift speed. This periodicity, with a period of 43.6 ym, corresponds to half
the wavelength of the 3.44 THz FEL frequency, as illustrated in Figure 6.18.(a).
This plots shows that the CEP frequency drift cross zero points vy,;¢; = 0. This
observation confirms the potential for stabilizing the FEL emission, for instance,
by implementing a feedback loop system.

To further highlight this periodic behavior, we present several EO HEARTS
measurements over a 20 ps duration that exhibit different CEP drift according
to different mirror’s position. The data displayed in Figures 6.18.(b) and (d)
were acquired at mirror positions of 8.252 mm and 8.296 mm, which represent
a separation of 44 pm, approximately half the wavelength period. As expected,
these two datasets exhibit similar temporal profiles. The corresponding two-
dimensional Fourier transforms, shown in Figures 6.18.(c) and (e), reveal an
equivalent CEP drift. 1°,

The three green points highlighted in Figure 6.18.(a) indicate the passage
through a zero drift condition. The mirror positions of 8.256 pm, 8.260 pm, and
8.264 pm correspond to positive, near-zero, and negative drift, respectively, This
progression is clearly demonstrated by the temporal profiles in Figures 6.19.(a),
(c), and (e) and is further confirmed by the Fourier transforms in Figures 6.19.(b),
(d), and (f), which show the spectral drift evolving through a zero-drift point.

10The decrease in THz power was observed at the 8.296 mm mirror position, leading to a
reduced phase shift A¢;, relative to the 8.252 mm measurement, which is consistent with the
measured average FEL power shown in Figure 6.17.
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Figure 6.18: CEP drift as a function of the cavity mirror position and its
measurement using EO HEARTS detection : (a) Periodic variation of the CEP
drift frequency with mirror position, the period being half the 3.44 THz FEL
wavelength. (b) and (d) show temporal EO signals at two mirror positions
separated by approximately half a wavelength. (c) and (e) are the 2D Fourier
transforms of (b) and (d), indicating a consistent CEP drift frequency.
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Figure 6.19: Visualization of the CEP drift passing through zero: (a), (c), and
(e) present the temporal profiles of the drift for three specific mirror positions:
8.256 pm (positive drift), 8.260 pm (near-zero drift), and 8.264 pm (negative
drift), indicated by green points in Figure 6.18.(a). The corresponding 2D Fourier
transforms in (b), (d), and (f) confirm this observation by exhibiting the transition
through zero CEP drift.
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6.7 Chapter summary and Perspectives

Chapter summary: Experimental Demonstration of the HEARTS technique

at FELBE

This chapter details the experimental demonstration and implementation
of the novel Heterodyne Electro-Optic Analysis and Reconstruction of
THz Signals (HEARTS) technique at the Free-Electron Laser in Dresden
(FELBE). The experimental campaign at FELBE focused on characterizing
the narrowband THz radiation at 3.44 THz, employing an experimental
setup with a 1550 nm chirped probe laser and a GaAs EO crystal.

A preliminary measurement utilizing the DEOS setup with photonic time-
stretch and a high-bandwidth readout, first confirmed the observability of
the THz signal at this frequency.

The HEARTS technique was then demonstrated in its phase diversity con-
figuration. This implementation used a Lyot filter with YVOy crystals
to optically generate a local oscillator at 3.85 THz, successfully down-
converting the FEL signal to an intermediate frequency of 0.39 THz. This
down-converted signal was then recorded using a low-bandwidth acqui-
sition system (2.5 GHz photodetector and 4 GHz oscilloscope), where it
appeared at 1.72 GHz after the photonic time-stretch. This result validates
the core principle of HEARTS, which is to capture multicycle narrowband
THz pulses without requiring high-bandwidth electronics, while confirm-

ing that no distortions are introduced by the system’s transfer function.

The down-converted signal enabled the observation of the FEL
macropulse’s full temporal profile and dynamics, including the Carrier-
Envelope Phase (CEP) drift. A CEP study, made as a function of the
cavity mirror position, successfully identified the optimal position for
zero CEP drift. This finding lays the foundation for future real-time CEP

stabilization systems.

In conclusion, this work fully validates the 1550 nm all-optical HEARTS
system as a single-shot technique capable of simultaneously characterizing
multicycle THz pulses and providing the CEP diagnostics necessary for sorting

data from THz pump-probe experiments at FELBE.
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Immediate and Future Perspectives:

An immediate perspective is the realization of a future real-time diagnostic

combined with a feedback loop to stabilize the Carrier-Envelope Phase
drift of the FELBE source. This can be achieved by utilizing the HEARTS
setup with a low-bandwidth data acquisition system to continuously mon-

itor the CEP and dynamically adjust the FEL cavity mirror position.

A future perspective addresses the recent developments in THz accelerator-
based sources are pushing the field toward the generation of high-
frequency narrowband THz radiation [19-25] (up to 30 THz, with 60
THz already achieved at FELBE). Therefore, future THz diagnostics must
focus on enhancing the operational frequency range by addressing existing
limitations.

Firstly, to overcome the constraint imposed by the probe laser’s insufficient
bandwidth, spectral broadening techniques [56, 57, 130, 131] must be
implemented to enable the capture of higher-frequency THz components.
Secondly, pushing detection towards higher THz frequencies requires miti-
gating the limitations of GaAs phonon absorption and intrinsic bandwidth.
This necessitates investigating alternative electro-optic materials, such
as organic crystals [132], or utilizing the Air-Biased-Coherent-Detection
(ABCD) technique in free space [133].
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General Conclusion

No phenomenon is a real
phenomenon until it is an observed

phenomenon.

—John Archibald Wheeler

This thesis addressed current challenges in single-shot electro-optic diagnos-
tics for both broadband and narrowband terahertz electric fields, providing new

tools for the characterization and optimization of accelerator-based light sources.

For broadband THz signal measurement in Part. II, a novel reconstruction al-
gorithm for the Diversity Electro-Optic Sampling (DEOS) technique called the
Self-Adaptive Dispersion (SAD) algorithm was developed. This SAD algorithm
overcome the THz reconstruction fidelity issues caused by nonlinear dispersion
within the chirped probe laser pulse (Chapter. 3). This algorithm, which moves
beyond the limiting linear model, accurately retrieves both the THz signal and
the full dispersion properties of the chirped probe laser. Its practical utility was
demonstrated through integration with the DEOS system at the EuXFEL and
FLASH facilities, enabling high-fidelity, single-shot, MHz-rate electron bunch
diagnostics (Chapter. 4).

To tackle the separate challenge of characterizing narrowband, multicycle THz
pulses, the Heterodyne Electro-Optic Analysis and Reconstruction of THz Sig-
nals (HEARTS) method was introduced in Part. III. This novel approach inte-
grates all-optical heterodyning with the Photonic Time-Stretch technique to
resolve the inefficient use of high-bandwidth electronic readouts (Chapter. 5).
The HEARTS method down-converted the high-frequency THz signal to a lower
intermediate frequency, demonstrating the ability to record the complete field
with an affordable, low-bandwidth acquisition system. This capability was
successfully applied to perform single-shot Carrier-Envelope Phase (CEP) di-
agnostics on the FELBE source, confirming its immediate value for accelerator
diagnostics and laying the groundwork for real-time feedback control of the CEP
(Chapter. 6).
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General Perspectives and Future Work

The future cannot be predicted, but

futures can be invented.

— Dennis Gabor

The ensuing perspectives detail the immediate and long-term future work re-

quired to fully optimize the developed methods in thesis.

To improve the broadband characterization system at DESY, the SAD recon-
struction algorithm should be implemented in real-time, complete with a user-
friendly interface within the DESY’s control room. This will ensure that acceler-
ator specialists, even those unfamiliar with EO diagnostics, can easily access and
view the reconstructed longitudinal profile of the electron bunch. Furthermore
at EuXFEL and FLASH, the temporal resolution could be significantly enhanced
by replacing the current electro-optic crystal with a thinner, 500 pm GaP crystal,
enabling measurements of electron bunches as short as 160 fs RMS. Addressing
artifacts by correcting the ellipticity induced by metallic mirrors, through the

use of periscopes, is also a necessary hardware upgrade.

For narrowband diagnostics, an immediate perspective is the realization of a
real-time diagnostic to provide the CEP values necessary for sorting data from
THz pump-probe experiments at FELBE. Ultimately, this system could be com-
bined with a feedback loop to dynamically adjust the FEL cavity mirrors and
stabilize the Carrier-Envelope Phase drift.

Motivated by the requirements of several THz facilities, including STERN, PITZ
and FELBE (along with its future upgrade, DALI), a common perspectives and
challenge of both broadband and narrowband EO diagnostics is extending the op-
erational range toward 30 THz [19-25]. Overcoming the constraint of the probe
laser’s insufficient bandwidth necessitates implementing spectral broadening
techniques [56, 57, 130, 131] to ensure the capture of higher-frequency THz com-
ponents. Finally, the intrinsic material limitations of GaAs phonon absorption
must be mitigated by investigating alternative electro-optic crystals like organic
materials [132] or by utilizing the free-space Air-Biased-Coherent-Detection
(ABCD) technique [133].



|Appendix A

Derivation of the frequency
modulation of a Lyot filter

This appendix provides the complete derivation for the time-domain modulation
frequency vLng imprinted onto a chirped probe laser via a Lyot filter. This
frequency acts as the local oscillator for the all-optical HEARTS! detection
principle discussed in Chapter.5. The derivation links the Lyot filter’s spectral
response Adryo(A) to the equivalent time-domain modulation A¢rye(t = <5)
via the properties of the initial dispersive element (i.e, pair of grating, fibers).

A.1 Lyot Filter Response in the Optical Frequency
Domain

The Lyot filter imposes a wavelength-dependent phase delay A¢ryqi (1) between
the ordinary and extraordinary polarization components of the chirped probe
pulse. This phase delay and the resulting intensity modulation I(\) are initially
expressed in the wavelength domain A:

A(j")Lyot(/\) = %Ane
Io(A) (A.1)
I(A) = OT (1 + cos(ch)Lyot(/\)))

Where An = n,(A)—n,(A) and e are the birefringence and the thickness of the
crystal, respectively.

To transition toward the time domain, this expression is first converted to
the optical frequency domain v, using the relationship A = ¢/v, where c is the

speed of light:

Ane
A(i)Lyot(V) = 271?1/

I(v)= IO(ZV) (1 + cos(ch)Lyot(v)))

Note that the term c¢/(Ane) represents the Free Spectral Range (FSR) of the filter
in the optical frequency domain.

(A.2)

'Heterodyne Electro-Optic Analysis and Reconstruction of THz Signals (HEARTS)
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A.2 Relating Optical Frequency to an Equivalent
Time via Dispersion

In a spectral encoding system, the probe laser is chirped using the dispersion of
a fiber with a length L. This causes the instantaneous optical frequency v to be
related to the equivalent time ¢ within the pulse. The relationship between the
equivalent time ¢ and the optical frequency v is defined by the chirp parameter
C in the appendix of Ref. [18].

v 1
t=-21t— where C=-— (A.3)
C B2Ly

Where g, represents the Group Velocity Dispersion (GVD) parameter and L, the
fiber length. The GVD parameter 8, is commonly defined in terms of the fiber
dispersion coefficient D (in ps/(nm-km)) at the central wavelength A,:

~ ~D;Aj

2= (A.4)

27tc
Substituting this expression for 8, into the time-frequency relationship yields

the required mapping:
c

= bt (A.5)
A.3 Equivalent Time-Domain Modulation Frequency
(vio©)

The equivalent time-domain phase modulation, A¢r,(t), is found by substitut-
ing the expression for v back into the frequency-dependent phase delay from

Equation.A.2:

Ane
A )= 2m——— ¢ =2yl %t
(PLyot( ) —Dl/\(Z)Ll LO
I(1)

I(t) = > (1 +cos (Aquyot(l‘)))

This expression clearly shows the phase A¢ry(f) is an equivalent time-domain

modulation A¢pye(t) = ZRVEg “t. The modulation frequency imprinted onto the

chirped probe laser pulse is?:

(A.6)

THz _ Ane

v - A7
Lo Dy AL, A7)

This expression confirms that the frequency VLng is entirely determined by the

birefringent material properties (An,e), the dispersion parameters (|D;| and L;)
and the central wavelength of the probe laser ().

2By definition, the local oscillator frequency vLng represents a physical magnitude and must

be a non-negative, thus, the absolute value of the dispersion coefficient, |D;|, is required.



Appendix B

Peak-based temporal correction
algorithm

Third-order dispersion is always
neglected... well, it should not be...

— Serge Bielawski

This appendix details a method developed for the temporal recalibration
of signals exhibiting a chirp encountered at FELBE, as discussed in Chapter
6. This chirp primarily arises from higher-order dispersion within the stretch
fiber. This effect is evident in the local oscillator signal generated by a Lyot filter
incorporating three 9.6 mm YVO4 crystals, shown in Fig.B.1.(a). Ideally, the Lyot
filter should produce a pure cosine wave with a narrowband spectrum. However,
the higher-order dispersion in the stretch fiber introduces a chirp, resulting in
the spectral broadening observed in Fig.B.1.(b).

To compensate for this temporal chirp and enable accurate signal analysis,
we have implemented a peak-based temporal correction algorithm. This method
involves identifying key temporal features, specifically the peaks, within the
chirped signal and establishing a correspondence between their measured tem-
poral positions to the expected positions of the peaks in a theoretical, unchirped
signal (i.e., a signal devoid of higher-order dispersion). This correspondence
is achieved through interpolation, allowing for the resampling of the chirped
signal onto a corrected time axis, resulting on a corrected unchirped signal. The
corrected time axis is use to resample any other measured signal, include phase
diversity and heterodyne FEL signal.

To illustrate and validate the effectiveness of this peak-based temporal correc-
tion algorithm, the following section details its application to a computational
model, followed by its use for the temporal recalibration of the local oscillator
signal presented in Fig.B.1.
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Figure B.1: Demonstration of higher-order dispersion-induced chirp on the
YVO4 optical local oscillator signal. (a) Measured temporal profile of the
local oscillator signal generated by a Lyot filter with three 9.6 mm YVO4 crys-
tals, exhibiting a chirp due to higher-order dispersion in the stretch fiber. (b)
Corresponding broadened spectrum of the chirped local oscillator signal.

B.1 Computational model validation

1. Generation of simulated signals :

This section details the application of the peak-based temporal correction
algorithm to numerically-generated data, allowing for a controlled validation
of its effectiveness. We begin by generating two signals, a pure cosine wave
and a chirped cosine wave, designed to mimic the distortions observed in the
experimental data due to higher-order dispersion. The unchirped cosine signal
is defined as:

Sunchirped = Acos (2nvt + ¢y) (B.1)

Where A =1 is the amplitude, v = 10 GHz is the frequency of the cosine wave,
and ¢ = 0 is the initial phase.

To simulate the effect of higher-order dispersion, we introduce a temporal
chirp to the cosine signal. In this computational model, we employ a linear chirp,
where the instantaneous frequency changes linearly with time. The chirped
signal is defined as:

Schirped :Acos(Zn(vt+at2)+¢o) (B.2)

Where a =1 is the chirp rate. The specific value of @ will determine the extent
of the spectral broadening observed in the frequency domain. This broadened
spectrum, resulting from the temporal chirp, is analogous to the experimental
observations attributed to higher-order dispersion in the stretch fiber, as shown
in Fig.B.1.(b). The time and frequency domain representations of both the
pure and chirped cosine signals are compared in Fig.B.3.(a) and Fig.B.3.(b),
respectively.
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2. Time correspondence of chirped and unchirped peaks :

The first step of the correction algorithm involves identifying the temporal
positions of the peaks in the chirped signal, denoted as tiChlrped, where i =
0,1,2,..,N —1 and N is the total number of detected peaks. These peaks are
detected using a peak-finding algorithm.

Next, we estimate the theoretical time instances of the peaks for an unchirped
cosine with the frequency v, here it is 10 GHz. Assuming the first detected peak
of the chirped signal corresponds to the first peak of the unchirped signal, the
peak times of a cosine without chirp is:

t;1r1chll‘p€d _ t(C)hered +i-T (B.3)

Where T = % is the period of the unchirped cosine wave. The positions of the
detected peaks in the chirped signal and their corresponding estimated positions
without chirp are visualized in Fig.B.2.(a).

To establish a continuous correspondence between the chirped time base
chirped unchirped

; and the unchirped time base ¢, , we employ a one-dimensional

t
. . . unchirped chirped . .
interpolation function, ¢, = finterp(t; ). In our implementation, a cu-

bic interpolation is used due to its ability to accurately capture the relationship
between the two time bases. This interpolation function is then evaluated at
each time point of the original chirped signal t to yield the corrected time axis
teorrected Shown in Fig.B.4.(b):

tcorrected = ﬁnterp ( t) (B4)

3. Signal resampling :

Finally, to obtain the temporally corrected signal, the original chirped signal
Schirped(f) is resampled onto the newly computed corrected time axis, f.orrected-
This is achieved by creating another interpolation function,

Schirped = interp (fcorrected) that maps the corrected time axis to the amplitude of
the original chirped signal at the corresponding original time points t:

Scorrected = ginterp(t) (B.5)

Evaluating this function at the original time points effectively provides the tem-
porally recalibrated signal. The effectiveness of this correction is assessed by
comparing the original chirped signal with the corrected signal in both the time
domain (Fig.B.3.(a)) and the frequency domain (Fig.B.3.(b)). In the spectral
domain, the recalibration using our peak-based algorithm demonstrates a signif-
icant recovery of a narrowband spectrum, indicating a successful compensation
for the temporal chirp.
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Figure B.2: Input for the peak-based temporal correction algorithm. (a) Tem-
poral locations of the peaks identified in the simulated chirped signal (red
circles) are plotted alongside the corresponding estimated peak locations for an
unchirped signal (green circles). (b) The resulting corrected time axis f.orrected
obtained through cubic interpolation of the correspondence between the chirped
and unchirped peak times.

= 11
E (a) —— Pure cosine
o —— Chirped cosine
T 01 \
2 —-—- Corrected cosine
a
€
< -14 T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Time (ns)

g 50 A (b) —— FFT pure cosine ,35
) —— FFT chirped cosine [}
© ) 1o
2 25 ——- FFT corrected cosine 2
g g
< 0 , : , . . 0<

0 5 10 15 20 25 30
Frequency (GHz)

w
u

Figure B.3: Effectiveness of peak-based temporal correction. (a) Time-domain
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corrected (blue) signals. (b) Frequency spectra showing the broadened spectrum
of the chirped signal (red) and the recovered narrowband spectrum of the cor-

rected signal (blue),effectively matching the spectrum of the original unchirped
signal (green).
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B.2 Experimental validation with local oscillator
signal at FELBE

4. Local oscillator generation and theoretical frequency :

This section details the application of the peak-based temporal correction
algorithm to an experimentally obtained local oscillator signal generated at
FELBE. This local oscillator, produced using a Lyot filter with three 9.6 mm
YVO4 crystals (total length 28.8 mm). The theoretical modulation frequency of
the Lyot filter is given by the equation:

GHz _ Ane

yGHz _ _ANe (B.6)
Lo A2D,IL,

Where An = 0.203 is the birefringence of YVO4 crystal at 1550nm, e = 28.8mm
is the length of the YVO4 crystal, A = 1550nm is the central wavelength of the
chirped probe laser, D, = 18 ps/nm.km and L, = 8km are the dispersion the
length of the SMF28 stretch fiber.

Using these parameters, the theoretical modulation frequency v is calculated
to be 16.9 GHz. However, as observed in the experimental data, higher-order
dispersion in the stretch fiber introduces a temporal chirp, leading to a broaden-
ing of the expected narrowband spectrum as shown in FigB.5.(b).

5. Peak detection and time correspondence :

Figure B.4.(a) illustrates the temporal positions of the peaks detected in
. . hi . .
the measured local oscillator signal tz-C "P¢d 2nd the corresponding estimated

peak positions for a pure cosine wave at 16.9 GHz without the influence of

. . . hirped . . . . c s
higher-order dispersion tll.mc "PEY. As evident in the figure, a slight deviation

or curvature in the measured peak times compared to the theoretical linear
progression reveals the impact of the TOD.

The temporal correction establishes a continuous correspondence between

. hirped . . hirped .
the measured peak times tiC "P% and the estimate peak times t;mc TP using a

one-dimensional cubic interpolation. This interpolation is linearly extrapolated
beyond the range of detected peaks to cover the entire probe laser duration !,
yielding the corrected time axis f.o;rected, @S sShown in Fig.B.4.(b).

It is this corrected time axis that will be used to resample any phase diversity of

the heterodyne FEL signal.

'Note that the FEL signal is encoded only in the interpolated region corresponding to the full
width half maximum duration of the chirped probe laser
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Figure B.4: (a) Temporal positions of the peaks detected in the measured local
oscillator signal (red) and the estimated peak positions for a pure 16.9 GHz
cosine wave (green), highlighting the deviation due to higher-order dispersion.
(b) The corrected time axis forrected Obtained through cubic interpolation of
the correspondence between the measured and estimated peak times, linearly
extrapolated.

6. Local oscillator resampling :
LO : '
measured 1S resampled onto this

corrected time axis using the interpolation function Srl;gasur ed = Sinterp(fcorrected)s

yielding the temporally recalibrated LO signal S CLO?r ected- Tigure B.5 compares the

measured local oscillator signal and the corrected signal. The spectrum of the
corrected signal exhibits a narrowband peak at 16.9 GHz, indicating a reduction
in the spectral broadening caused by higher-order dispersion.

The measured local oscillator (LO) signal S
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Figure B.5: Peak-based temporal correction on the local oscillator signal : (a)
Time-domain comparison of the original measured local oscillator signal (red)
and the resampled, temporally corrected signal (green). (b) Frequency domain
representation showing the broadened spectrum of the measured LO signal (red)

and the narrowed spectrum of the corrected LO signal (green), with a peak at
16.9 GHz.

7. Comparison with Optical Spectrum Analyzer (OSA) :

During preliminary testing at the PhLAM laboratory (prior to the FELBE
measurements), another modulation generated via a Lyot filter employing the
same YVO4 birefringent crystals was also analyzed by directly measuring the
resulting optical spectrum using an Optical Spectrum Analyzer (OSA), as shown
in Figure. B.6(a). This approach allowed us to observe the spectral modulation
without any distortion related to the effects of 5 (third-order dispersion), which
are typically introduced when converting the spectrum to the time domain.
The resulting Fourier spectrum obtained from this direct spectral measurement
exhibits a peak very similar to the recalibrated peak observed in the time-domain
measurements, confirming the presence of a narrow, well-defined spectral peak
introduced by the Lyot filter configuration, as display in Figure. B.6(b).



176 APPENDIX B. Peak-based temporal correction algorithm

7 24 (a)
C
3
(o]
L
2
=]
& 21
1500 1520 1540 1560 1580 1600
Wavelength (nm)
8 _
(b)

6 - vo5A=2.15 THz

Amplitude (a.u.)
o

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency (THz)

Figure B.6: Optical spectrum of the modulation produced by the Lyot filter,
measured directly using an Optical Spectrum Analyzer (OSA). The use of
the OSA allows for the direct observation of the spectral modulation, avoiding
distortions associated with f3 (third-order dispersion) that affect time-domain
measurements. The analysis of this spectrum’s Fourier transform reveals a
narrow, distinct peak, similar to the recalibrated peak found in the time-domain
data, as display in Figure.B.4.(b).

8. Note on low bandwidth readouts :

Furthermore, it is worth noting that alternative materials or fiber types could
be employed to generate the time calibration signal. For instance, polarization-
maintaining fiber (PM1550) or materials with smaller birefringence, such as
Quartz or CaCO3, could be used to produce a smaller frequency modulation,
which might be advantageous for satisfying the bandwidth limitations of the 2.6
GHz balanced photodetector used in our experiment in the spirit of reducing
the readout’s bandwidth.



Appendix C

Data analysis of the all-optical
HEARTS method in phase diveristy
configuration: Comparison of
independent and balanced
measurements

I am pleased to see that it is working
as expected; it is such a rare thing!

— Christophe Szwaj

This appendix provides a comparative analysis of the two distinct data ac-
quisition strategies available for electro-optic heterodyne detection in a phase
diversity configuration. The comparison is between recording the two orthog-
onal polarization states independently versus combining them via a balanced
photodetector based on the fact that they are identical but opposite in sign.

For these characterization measurements, a 500 pm thick GaAs crystal was used.
The signal was acquired using the 2.6 GHz balanced detector, but its output
was recorded on the 20 GHz Teledyne Lecroy oscilloscope only due to the user-
friendly interface compared to the alternative 4 GHz Rohde & Schwarz unit from
the 90’s.

The two following paragraph detail and compare these two acquisition options,
independent versus balanced detection, with respect to the resultant signal-to-
noise ratio. A fair comparison is ensured as all measurements were performed
under identical THz and probe laser power levels.

177
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C.1 Independent polarization measurement

In the phase diversity configuration, the two orthogonal polarization states of
the probe laser are measured independently. To achieve this separation, as
illustrated in Figure C.1(b) and detailed in Figure 6.5, one of the polarization
arms incorporates an additional fiber length. This extra fiber introduces a
temporal delay equivalent to one probe laser repetition period.

The recorded signals in this configuration, denoted as ST° and represent
the difference between a THz-encoded probe laser pulse S1,5, and a temporally
delayed reference probe laser pulse (Sg preceding S; and S following S,)

The SF'P and S§P can be expressed as :

PD
82

S{P =5,-5§

C.1

S;7 =55-5, <

However, this method of independent measurement inherently prevents the

cancellation of shot-to-shot laser fluctuations, which can impact the signal
quality.

To mitigate the impact of background noise, a correction is applied to the
recorded signals by subtracting background signals sy; and sy,. These back-
ground signals are calculated by averaging of two residual signals acquired
without THz interaction: one recorded before 581'02 and one after s, ,, the
arrival of the THz-encoded probe, as depicted in Figure C.1(b).

1
S01 = 5 (sg1 + 581)
(C.2)

1 b a

Finally, the background-subtracted EO signals are normalized by the average

temporal profile of the reference probe laser S?ef, which is recorded separately
as shown in Figure C.1(a). This normalization step includes a gain factor G =
g}%, which accounts for the difference in gain applied during the EO signal
and reference measurements to prevent photodetector saturation during the
latter (when only one detection arm is used). The normalized and background-

subtracted EO signals Yf D are given by:

(S{);P - 50111)

PD
Yi, = SRef

PDO (C.3)
vPD (SZﬂ _502”)
2n Ref

S

The analysis of these resulting EO signals reveals a phase shift in the order of
500 mrad as shown in Figure. C.1.(c) and two peak at frequency of 0.39 THz in
the spectrum in Figure. C.1.(d), note that both peaks are not identical mainly
due to the different shot-to-shot laser fluctuations.
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Figure C.1: Independent polarization measurement in phase diversity con-
figuration. (a) Average temporal profile of the reference probe laser used for
normalization.(b) Raw data displaying the two orthogonal polarization states
on distinct temporal backgrounds due to the optical delay. The background
signals used for background correction are also indicated. (c) Resulting single
shot EO signals showing an approximate 500 mrad phase shift. (d) Frequency
spectrum of the EO signals, exhibiting two peaks at 0.39 THz with slightly
different amplitudes due to residual shot-to-shot laser fluctuations.

C.2 Balanced detection measurement

Given that the two output signals in the previous configuration were identical
but with opposite signs, the extra fiber, previously used for the independent
recording, was removed. This allowed for the subtraction of the same laser pulse
on both arms of the polarizing beam splitter at the input of the balanced detector,
as illustrated in Figure. C.2.(b). This crucial change effectively suppresses
common laser shot-to-shot fluctuations, a significant source of noise. The electro-
optic phase shift YBP for each shot n recorded at the output of the balanced

detector is determined after background suppression s52 and normalization by

the average reference laser profile S(I;ef, which is displayed in Fig.C.2.(a). This
calculation is performed according to the following equation:

SED—sgD
yBD ( Ref”)c (C.4)



180 APPENDIX C. Comparison of independent and balanced measurements

The resulting EO signal, obtained through this balanced detection scheme,
exhibits a strong phase shift, on the order of 1 radian, as shown in Figure C.2(c).
Furthermore, its frequency spectrum (Figure C.2(d)) displays a prominent and
clean gaussian peak at 0.39 THz. Importantly, by employing this analog balanced
detection technique, the signal-to-noise ratio (SNR) is improved by a factor of 2
compared to one arm of the previous configuration where the polarization states
were recorded independently. This enhancement underscores the effectiveness
of subtracting the common-mode laser noise. It is worth noting that while a
numerical balanced detection could be performed on the independent data to
enhance the SNR, the fundamental limitation remains that the common-mode

laser noise cannot be perfectly cancelled due to the subtraction of signals from
distinct laser pulses.
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Figure C.2: Common-mode laser noise suppression via balanced detection.
(a) Average temporal profile of the reference probe laser used for normalization.
(b) Raw data showing the subtraction of the same laser pulses on both arms of
the detector. (c) Resulting electro-optic signal showing a strong phase shift of
approximately 1 radian. (d) Frequency spectrum of the EO signal, exhibiting
a prominent and clean gaussian peak at 0.39 THz, highlighting the enhanced
spectral purity due to noise reduction.
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HicH-REPETITION-RATE ELECTRO-OPTIC DIAGNOSTICS FOR ACCELERATOR-BASED LIGHT
SouRcEs : BROADBAND AND NARROWBAND THZ CHARACTERIZATION

Abstract

Accelerator-based light sources are indispensable research tools, delivering intense,
short light pulses ranging from the infrared to X-ray spectral regions. The routine
operation and investigation of these sources relies on the real-time characterization
of relativistic electron bunches and the resulting photon beams. To address this, the
objective of this thesis is the development of detection setups that deliver sub-picosecond
temporal resolution at MHz repetition rates, capable of characterizing in single-shot
both broadband and narrowband THz signals.

For broadband THz characterization, although Diversity Electro-Optic Sampling (DEOS)
combined with the use of a THz reconstruction algorithm, has improved temporal res-
olution, existing reconstruction algorithms based on linear dispersion models remain
unreliable due to non-linear dispersion in chirped probe pulses. This work introduces
a novel Self-Adaptive Dispersion (SAD) algorithm for DEOS. This generalized frame-
work transcends previous linear-time-invariant assumptions, providing a high-fidelity
reconstruction solution for any arbitrary dispersion profile while simultaneously charac-
terizing the complex amplitude (amplitude, phase, and dispersion) of the chirped probe
laser. The DEOS-SAD system was successfully implemented at the European XFEL and
FLASH facilities enabling routine, single-shot MHz-rate longitudinal electron bunch
characterization.

For narrowband THz characterization, capturing complete multicycle waveforms in high-
repetition-rate environments typically requires prohibitively high electronic bandwidths.
This thesis proposes and demonstrates a novel electro-optic approach combining all-
optical heterodyning with the Photonic Time-Stretch technique. By down-converting
THz signals to an intermediate frequency and applying temporal stretching, this method
records complete multicycle electric fields while preserving signal integrity. A proof-of-
principle demonstration was conducted at the FELBE facility, where a 3.44 THz signal
was successfully down-converted to 1.72 GHz, directly enabling the single-shot diagnosis
of carrier-envelope phase (CEP) drift using lower electronic readout bandwidths.

By integrating these innovations, this thesis advances the state of the art in THz diag-
nostics, providing new possibilities for the real-time monitoring of high-repetition-rate
accelerator-based light sources.

Keywords: accelerator, photonic, ultrafast measurement, free electron laser
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D1AGNOSTICS ELECTRO-OPTIQUES A HAUT TAUX DE REPETITION POUR LES SOURCES DE LUMIERE
BASEES SUR DES ACCELERATEURS : CARACTERISATION THZ A LARGE BANDE ET A BANDE ETROITE

Résumé

Les sources de lumiere basées sur des accélérateurs sont des outils de recherche indispen-
sables, délivrant des impulsions lumineuses intenses et breves allant de I'infrarouge aux
rayons X. L'opération courante et I’étude de ces sources reposent sur la caractérisation en
temps réel des paquets d’électrons relativistes et du faisceau de photons qui en résulte.
Pour répondre a ce besoin, l'objectif de cette thése est le développement de dispositifs
de détection offrant une résolution temporelle sub-picoseconde a des taux de répétition
de l'ordre du MHz, capables de caractériser en monocoup des signaux térahertz (THz) a
la fois a large bande et a bande étroite.

Pour la caractérisation THz a large bande, bien que I’échantillonnage électro-optique
de diversité (DEOS) combiné a un algorithme de reconstruction ait amélioré la résolu-
tion temporelle, les algorithmes existants basés sur des modéles de dispersion linéaire
restent peu fiables en raison de la dispersion non linéaire des impulsions de sonde
étirées. Ce travail introduit un nouvel algorithme de dispersion auto-adaptative (SAD)
pour le DEOS. Ce cadre généralisé dépasse les hypothéses précédentes d’invariance
temporelle linéaire, fournissant une solution de reconstruction fidéle pour n'importe
quel profil de dispersion arbitraire, tout en caractérisant simultanément I'amplitude
complexe (amplitude, phase et dispersion) du laser de sonde. Le systeme DEOS-SAD a
été implémenté avec succes sur les installations European XFEL et FLASH, permettant
une caractérisation monocoup longitudinale des paquets d’électrons a des taux MHz.
Concernant la caractérisation THz a bande étroite, la capture de formes d’'onde multi-
cycles completes dans des environnements a haut taux de répétition nécessite générale-
ment des bandes passantes électroniques prohibitives. Cette theése propose et démontre
une nouvelle approche électro-optique combinant I’hétérodynage tout-optique avec la
technique d’étirement temporel photonique (Photonic Time-Stretch). En convertissant
les signaux THz vers une fréquence intermédiaire et en appliquant un étirement tem-
porel, cette méthode enregistre des champs électriques multicycles complets tout en
préservant l'intégrité du signal. Une démonstration de principe a été réalisée a 'ins-
tallation FELBE, ou un signal de 3,44 THz a été converti avec succes en un signal de
1,72 GHz, permettant directement le diagnostic monocoup de la dérive de la phase
enveloppe-porteuse (CEP) avec une bande passante électronique réduite.

En intégrant ces innovations, cette these fait progresser 1’état de ’art des diagnostics
THz, offrant de nouvelles possibilités pour la surveillance en temps réel des sources de
lumiere de nouvelle génération.

Mots clés : accélérateur, photonique, mesure ultra-rapide, laser a électrons libres
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