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Abstract

Laser wakefield acceleration (LWFA) is a novel technique to accelerate charged
particles. Acceleration is achieved by a high-power laser pulse transmitting a
gas target where electrons and ions form a strong wakefield with gradients up to
100GV m™". Hence, the size of the laser-plasma accelerator (LPA) is significantly
smaller compared to conventional radio frequency (RF) accelerators, because its
accelerating gradients are 3 orders of magnitude higher. At present, electron
beams generated by LWFA do not satisfy all requirements to make them directly
usable for applications such as LPA driven free-electron laser (FEL). Pointing
stability and relatively high energy spread are the major limiting factors.
Typically, plasma electrons are self-injected in the plasma wake which is created by
a high-power laser. There is a lack of control for the injection process and there is
no direct access for diagnostics. In order to overcome these challenges and better
understand the overall LWFA process, external injection experiments are planned
at Deutsches Elektronen-Synchrotron (DESY) in the framework of the Laboratory
for Laser and beam-driven plasma Acceleration (LAOLA) collaboration. Thus,
well characterized and ultrashort (< 10fs) electron bunches from the conventional
RF accelerator Relativistic Electron Gun for Atomic Exploration (REGAE) will
be injected into the laser driven plasma wake. This approach allows to reconstruct
and map the plasma wakefield by post diagnosing the injected electron bunches
by measuring the energy spectra of it for different injection times.

To conduct such a pump-probe type of experiment, synchronization with fs accu-
racy is required between the electron bunches from REGAE and the high-power
driver laser.

Two main aspects of the laser synchronization are presented in this thesis. First,
a detailed experimental investigation of the conventional, fast photodiode based
direct conversion laser-to-RF synchronization setup and its limitations are given.
Second, an advanced Mach-Zehnder modulator (MZM) based laser-to-RF synchro-
nization setup has been successfully developed and tested. The conceptual design, a
mathematical analysis, tolerance studies and experimental evaluation is presented.
Electron beam-based measurements have been performed at REGAE where MZM
based laser synchronization achieved a factor of 10 performance improvement in
terms of amplitude-to-phase modulation (AM-PM) conversion compared to the
previously used conventional photodiode based laser synchronization setup. This
setup has been employed to phase lock the REGAE photo-injector laser with
excellent long term timing drift performance of 31 fs peak-to-peak over 43h and a
short term timing jitter of 11 fs rms.
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Zusammenfassung

Laser-Plasma-Beschleunigung ist eine neuartige Technik zur Beschleunigung gela-
dener Teilchen. Mittels eines hochenergetischen Laserpulses wird in einer Gaszelle
eine Plasmawelle mit Feldgradienten von bis zu 100 GV m ™" erzeugt. Somit sind
Laser-Plasma-Beschleuniger (LPB) wesentlich kompakter als konventionelle auf
Hochfrequenz (HF) basierende Beschleuniger, da die beschleunigenden Feldstérken
um drei GroBenordnungen héher sind. Gegenwértig erfiillen die Elektronenstrahlen
von LPBs nicht alle Anforderungen um sie direkt in Anwendungen wie zum Bei-
spiel der Verwendung in einem Freie-Elektronen-Laser einzusetzen. Dabei sind die
unzureichende raumliche Stabilitat sowie die breite Energieverteilung die haupt-
séchlichen Limitierungsfaktoren.

Ublicherweise werden Elektronen durch Selbstinjektion in die mittels Hochenergie-
laser erzeugte Plasmawelle eingefangen. Dieser Injektionsprozess lasst sich duflerlich
nicht steuern und es gibt keine direkten Diagnosemoglichkeiten. Um diese Limi-
tierungen zu iiberwinden und um den Prozess der Laser-Plasma-Beschleunigung
besser zu verstehen sind beim Deutschen Elektronen-Synchrotron (DESY) im
Rahmen einer Kollaboration namens ,Laboratory for Laser and beam-driven Plas-
ma Acceleration*(LAOLA) Experimente zur externen Injektion geplant. Hierbei
sollen ultrakurze (< 10fs) und gut charakterisierte Elektronenpakete eines HF
basierten Beschleunigers namens ,Relativistic Electron Gun for Atomic Explorati-
on“(REGAE) in die lasergetriebene Plasmawelle injiziert werden. Dieser Ansatz
ermoglicht die Rekonstruktion und die gezielte Untersuchung der Plasmawelle,
indem die Elektronenpakete zu unterschiedlichen Zeitpunkten injiziert und spater
ihre Energieverteilung gemessen wird. Voraussetzung fiir solch ein Anreg-Abtast
Experiment ist eine femtosekundengenaue Synchronisation zwischen den Elektro-
nenpaketen von REGAE und dem Hochenergielaser.

In dieser Dissertation werden zwei Hauptaspekte der Lasersynchronisation darge-
stellt. Zunéachst wird eine detaillierte experimentelle Untersuchung der konventio-
nellen Synchronisation eines Laseroszillators zu einer HF Referenz, die auf direkter
Konversion mittels schneller Photodioden beruht, und ihrer Grenzen vorgenommen.
Anschlieflend wird ein erweitertes Synchronisationsverfahren auf der Basis eines
Mach-Zehnder Modulators erfolgreich entwickelt und getestet. Es werden sowohl
der Entwurf als auch eine mathematische Untersuchung sowie Toleranzstudien und
eine experimentelle Bewertung dieses neuen Verfahrens gezeigt. Bei elektronen-
strahlbasierten Messungen bei REGAE wurde eine Reduktion des Koeffizienten der
Amplituden- zu Phasenmodulation (AM-PM) um den Faktor 10 im Vergleich zum

X1



konventionellen, auf Photodioden basierenden Synchronisationsaufbau erreicht.
Unter Verwendung dieses Aufbaus wurde der Oszillator des REGAE Photoinjek-
torlasers mit einer Langzeitstabilitdt von 31 fs Spitze-Spitze iiber einen Zeitraum
von 43 Stunden und einer Kurzzeitstabilitdt von 11fs im quadratischen Mittel
synchronisiert.
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Chapter 1

Introduction

1.1 Overview of the REGAE Facility

The Relativistic Electron Gun for Atomic Exploration (REGAE) is a compact,
10m long linear accelerator (linac) built and operated in collaboration between
Max Planck Society and Deutsches Elektronen-Synchrotron (DESY). REGAE has
been specifically designed to deliver low energy (~ 5MeV) high quality electron
beams (< 10fs) for time-resolved ultrafast electron diffraction (UED) experiments
[Man™15]. These experiments are carried out by the group of Prof. R.J.D. Miller
from Max Planck Institute for Structure and Dynamics of Matter (MPSD). In
addition, within a framework of Laboratory for Laser and beam-driven plasma
Acceleration (LAOLA), a collaboration between DESY and University of Hamburg
by the group of Prof. F. Griiner, laser driven plasma wakefield probing experiments
are planned using the REGAE accelerator as a probing tool [Zei'13].

Figure 1.1 shows the general overview of the REGAE facility, including some of
the main blocks of the accelerator. REGAE is based on two normal conducting
copper S-band radio frequency (RF) structures with a resonance frequency of
2.998 GHz: a gun cavity and a buncher cavity. The gun cavity consists of 1.6 cells
while the buncher is comprised of 4 cells. Electron bunches are generated from
the photocathode by impinging 266 nm ultraviolet (UV) laser pulses produced by
a titanium sapphire (Ti:Sa) laser system using third harmonic generation (THG).
The extracted electron bunches are accelerated by the longitudinal component of
the electric field in the gun area and compressed by the buncher using a technique
known as ballistic bunching in the accelerator physics community [Oud™10; Flo14].

Ideally, the electron beam gains maximum kinetic energy passing the gun cavity
while the net energy gain of the electron beam after the buncher cavity should be
equal to zero. The buncher cavity is followed by the drift space connecting to the
target chamber. The target chamber is followed by the detector, mainly designed
for electron diffraction experiments. As indicated in figure 1.1 the 2.998 GHz RF
reference is provided by an RF master oscillator (MO) to two sub-systems of
the REGAE facility: the low-level radio frequency (LLRF) system and the laser
synchronization system. LLRF system controls the amplitude and phase of the
RF field inside the cavities, while the laser synchronization concerns the laser
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Figure 1.1: Overview of the REGAE facility.

oscillator timing jitter and drift stability, with respect to the RF reference.

The performances of both, the LLRF and laser synchronization systems are crucial
for conducting femtosecond level time-resolved pump-probe experiments. The
main topic of this thesis concerns the laser synchronization with femtosecond
stability.

The LLRF system controls the RF input signal to the klystron, that amplifies the
input signal from W to MW power level. An RF pre-amplifier is used between the
LLRF system and klystron boosting the klystron input signal from mW power
level to W. The high-power RF signal from the klystron is transmitted through
by the waveguides and divided into two arms, directed and coupled by RF power
couplers to the buncher and gun cavities.

A mechanical phase shifter has been placed in a waveguide distribution arm of the
gun (see figure 1.1). By moving the phase shifter arms using a remotely controlled
stepper motor, one can adjust the phase of the gun and the buncher independently
relative to each other [May12; Bay14]. For laser wakefield acceleration (LWFA)
experiments, the REGAE beamline and the target chamber shown in figure 1.1
will be replaced and modified by the new and more sophisticated design allowing
to insert a plasma cell and couple the high-power ANGUS laser[Zeil6; Zei*13].
Next subsections will focus on describing the main sub-systems, relevant to the
laser-to-RF synchronization system at REGAE.

1.1.1 Titanium Sapphire Laser System at REGAE

A modelocked laser serves as a photo-injector and as pump-probe laser at REGAE.
It is a commercial Ti:Sa laser from Coherent.Inc. and consists of several sub-
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systems. The amplification technique is based on a chirped pulse amplification
(CPA) (see figure 1.2).

The whole process is initiated by the laser oscillator (Micra-5) producing Fourier
transform limited pulses, providing the seeding source to the regenerative and
single-pass laser amplifiers. In order to avoid damage to optics during amplification,
the oscillator pulses first undergo a pulse stretching that broadens the light pulses
temporally. After the amplification, laser pulses are re-compressed to Fourier
transform limited pulses (see figure 1.2). The passively modelocked Ti:Sa laser
oscillator produces femtosecond pulses with a spectral bandwidth of more than
60 nm. The gain medium is a titanium doped sapphire Ti**: Al,O5 crystal. The
pump source for Micra-5 is a continuous wave (CW) green diode pumped laser
Coherent Verdi. The spectrum of the pump laser is green light, since the absorption
band of Ti:Sa crystal peaks around 500 nm, while the emission of the latter peaks
near 800 nm. Coherent Verdi produces 532nm CW light source which itself is
generated by intracavity second harmonic generation (SHG) in a Lithium-Triborate
(LBO) crystal from the 1064 nm light of the Nd:YVO, crystal (see figure 1.3).
The detailed layout of the commercial Micra-5 Ti:Sa laser oscillator is shown in
figure 1.4.

The CW green 532nm light from Verdi is transported by set of routing mirrors
(R1, R2) towards the Ti:Sa crystal. The lens L1 is used to focus the pump beam on
to the crystal. The optical cavity of the Micra-5 is based on a X-folded type cavity
with a pair of prisms (PR1,PR2) for group velocity dispersion (GVD) compensation
in order to keep a short pulse [€ Micra5]. In figure 1.4, M1-M8 are oscillator cavity
mirrors. Out of eight cavity mirrors three of them serve as actuators. M4 and
M7 are piezo-electric (PZT) controlled cavity mirrors to change the oscillator
cavity length, hence the repetition rate, and are serving as slow and fast actuators
respectively for oscillator synchronization purposes. Additionally, M4 has a dual
functionality, besides being a slow actuator it also initiates the modelocking process
of the laser oscillator by moving back and forth until modelocking is established.
The third actuator is the M8 cavity mirror attached to a stepper motor driven
delay stage. The main purpose of the M8 is to perform a coarse tuning of the
oscillator repetition rate and to bring the PZT actuators into dynamic range when

-l e scer I I i j\
tretchel . mpres
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Figure 1.2: CPA at REGAE.
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Figure 1.3: Coherent Verdi optical schematic adapted from [g Micra5].

the PZT driver voltage exceeds the threshold level.

The pump beam alignment is provided using a PZT controlled mirror. These
piezo actuators are used here to tilt the mirrors, steering the pump beam in X
and Y direction at the Ti:Sa crystal until the output optical power of 800 nm
light is maximized. The repetition rate of the laser oscillator has been custom
defined since it has to be an integer multiple of the frequency of the microwave
reference fyo = n - f&. Where fyo and f§ are frequency and pulse repetition
rate of the RF reference and laser oscillator respectively {n € N}. Some of the
characteristic parameters of the laser oscillator are presented in table 1.1. The
value for the pulse duration A7 = 15fs in table 1.1 has been deduced for Fourier

Table 1.1: Micra-5 laser oscillator characteristics.

Pump power 4W to bW
Pump wavelength 532 nm
Modelocked output power 350mW to 400 mW
Repetition rate 83.275 MHz
Center wavelength 795 nm
Spectral bandwidth (FWHM) 62 nm
Transform limited pulse duration (FWHM) 151fs
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Figure 1.4: Schematic of Coherent Micra-5 optical cavity adapted from [@ Micra5].

transform limited pulses using the relationship of the time-bandwidth product,
AT > KX /Axe, assuming that the electric field of the laser pulse follows the
Gaussian profile. Here, ). is a center wavelength of the spectrum, the constant
K = 0.441 is the time-bandwidth product, A\ is the full width at half maximum
(FWHM) spectral bandwidth and c¢ is the speed of light in vacuum.

1.1.2 REGAE RF Master Oscillator

A custom designed commercial low noise RF oscillator has been employed to provide
the reference signals to different sub-systems of the REGAE facility. SINTEC
Microwave Systems GmbH has provided a quartz crystal based oscillator with the
base frequency of 125 MHz from which several low noise frequency components are
derived by means of base frequency multiplication and division via phase-locked
loop (PLL).

Three different signals with corresponding frequencies and output power levels are
listed in table 1.2, where the main frequency is 2.998 GHz RF reference distributed
throughout the facility (S-band RF structures).

1.2 ANGUS Laser

For LWFA experiments, a high-power driver laser is required to generate plasma
waves [TD79]. ANGUS is a commercial Ti:Sa TW class ultrafast laser system based
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Table 1.2: MO output signals and corresponding power levels.

83.27TMHz ~ 10dBm
999.3MHz ~ 10dBm
2.9979GHz > 13dBm

on THALES ALPHA 5 series, operated at DESY by the LUX team®. The primary
purpose of the ANGUS is to serve as a driver laser for the LUX experiment, where
self-injection LWFA will be carried out and the light source in the extreme ultra
violet (EUV) and soft x-ray range will be produced using the undulators. Another
experiment where ANGUS will be employed is an external injection experiment at
REGAE, where externally injected electron bunches from REGAE linac are used
to probe the plasma wakefield.

ANGUS laser generates 200 TW, 25 fs (FWHM) duration pulses with center wave-
length of 800 nm. It features low 1.5% root mean square (rms) relative energy
fluctuation and beam pointing stability of 3 prad rms (measured over 500 shots).
In order to reach the 5 J pulse energy with 5 Hz repetition rate, several amplification
stages are required (see figure 1.5). Figure 1.5 shows the chain of amplifiers up to
the final compressor. Amplification is based on CPA technique. The seeding source
for the regenerative amplifier is provided by the broadband >140 nm FWHM laser
oscillator with the repetition rate of 83.275 MHz. After the regenerative amplifier
the laser pulses are boosted by the booster amplifier and the pulses with 1kHz
repetition rate is sent to the pre-amplifier. The repetition rate of the laser pulses
reduces down to 5 Hz limited by the pump laser in the last amplifier stage (AMP2).
The design parameters of the ANGUS laser are listed in table 1.3%

5w

OscillatorF Regen F Booster F PreAMP P AMP1 F AMP2 P

Compressor

Stretcher XPW
Stretcher

Figure 1.5: Layout of ANGUS laser up to the final compressor. (Courtesy of S.W. Jolly).

'LUX official website
2V. Leroux - Private communication.
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1.3 External Injection Based LWFA Experiment

In order to maintain the laser beam energy and pointing stabilities, ANGUS laser
team has implemented active stabilization systems. Additionally, these feedback
systems ensure the long term reliability of the laser operation.

1.3 External Injection Based LWFA Experiment

In 1979, T. Tajima and J.M. Dawson presented the theory which is the fundament
of the modern laser-plasma accelerators (LPAs) and describes the potential of the
laser driven electron plasma-accelerators [TD79]. LPAs open a new frontier for
the next generation particle accelerator technology. Due to its uniqueness and
constant improvements in the field, LWFA has gained a tremendous popularity in
the whole world for the past decade. It offers 2 to 3 orders of magnitude higher
accelerating electric fields (10 GVm™" to 100GV m™") compared to conventional
RF accelerators (~10 MV m~ ' to 100 MV mfl). These high accelerating gradients
intrinsically shrink the size of the accelerator and this makes them extremely
attractive as compact new generation electron sources.

Up to now, all LPAs are based on self-injection LWFA | where plasma electrons are
trapped in the laser induced wakefield and accelerated. It has been shown by many
groups that the LPA is capable of producing high quality electron beams, namely
small normalized transverse emittance [Wei12; Pla*12] and intrinsically short
longitudinal bunch length [Lun™11]" (see the review paper [ESL09]). On the other
hand, the energy spread of the accelerated electron beams using LWFA are on a
few percent level and the energy fluctuation is significantly high. These factors
limit the most of the applications of the LPA. The direct diagnostics is challenging
but mandatory to better understand the possible non-linear plasma dynamics and
associated instabilities which are eventually transferred to the electrons. Therefore
there is a need of an alternative approach to better understand the overall process

Table 1.3: The design parameters of the ANGUS laser system.

center wavelength 800 nm
spectral bandwidth (FWHM)  40nm
peak power 200 TW
pulse duration (FWHM) 251s
pulse energy 5J
repetition rate 5 Hz
relative energy stability 1.5%

beam pointing stability (rms) 3 prad

'The longitudinal bunch length is intrinsically shorter than the plasma wavelength A,. Typically
Ap ~ 30um for plasma density of ny = 10" em 2.
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and to overcome the above mentioned limitations.

1.3.1 Basics of Laser-Plasma Accelerator

A typical, extremely simplified LPA consists of a high peak power CPA based
laser system and a gas target with interaction chamber. A pre-pulse from the
laser ionizes the gas while the main pulse from the laser interacts with the ionized
gas by means of the pondermotive force [ESL09]. The latter deflects the electrons
while ions remain virtually unaltered resulting in charge separation. The charge
separation leads to the space-charge forces between static ions and deflected
electrons, trying to pull back the electrons to their initial position that creates
density modulation. These effects are inducing longitudinal plasma oscillations

[Fucl0]. The angular frequency w, and wavelength X, of plasma oscillations can
be described as following [ESLO09]:

4rnge? 12
wp = <m0> : (1.1a)
2
Ay = 5, (1.1b)
Wp

where, ng is the ambient electron density, m, and e are the electron rest mass
and charge respectively. c¢ is the speed of light in vacuum. In practical units the
plasma wavelength and the corresponding plasma wave period read:

3.3 x 10"
Ap(m) = T (1.2a)
no(cm™")
1.1 x 108
T, (ps) =~ T (1.2b)
no(em™?)

In figure 1.6, the plasma wavelength dependence on the electron density is
depicted. The plasma wavelength gets shorter by increasing the electron density
of the gas. For the range of 10" cm™ to 10" cm ™, the period of plasma waves
varies from 1.1 ps to 0.035 ps.

Due to the density gradient, a wakefield is created in the trail of the laser pulse
[ESLO09; Zeil6]. The field strength of the induced wakefield can be estimated

as follows [ESL09]: Ey(Vm™") ~ 964/ny(cm™*). For electron density of n, =

10" em ™, Ey ~ 100GV m . These high gradients can be utilized to accelerate
electrons by injecting them into the induced wakefield.
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Figure 1.6: Plasma wavelength as a function of ambient electron density.

1.3.2 External injection based LWFA

Several different injection schemes have been reported over the past decade. All
of them rely on using the internal plasma electrons for acceleration (self-injection
based LWFA) [ESL09]. At REGAE the external injection based LWFA will be
conducted, where well characterized electron bunches from the REGAE linac are
injected into the ANGUS laser driven plasma wakefield. This experiment is very
similar to typical pump-probe experiments [Zeil6]. In this case, the pump is the
ANGUS laser driving the plasma wakefield, the probe is the electron beam from
REGAE which probes the generated plasma wakefield.

The main purpose of the external injection experiment is not to further boost the
electron beam via the process of LWFA. The ultimate goal of this experiment
is to reconstruct the electric field distribution of the laser induced plasma wave
(wakefield mapping) by measuring and analyzing the electron energy spectra, beam
shape and beam position after the plasma cell for different relative time delays
between the electron beam and the ANGUS laser pulses [Zeil6].

It is very important to avoid the self-injection of the electrons into the generated
wakefield. Therefore, the ANGUS laser intensity as well as plasma density needs
to be considered accordingly. The peak intensity of the driver laser pulse can be
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defined by a normalized vector potential ay = nf—ACz, where A is a vector potential

of the laser. For ay < 1 the field distribution of the plasma wave can be described
by a sinusoidal function and that is known as the linear regime of LWFA. This
regime of LWFA virtually excludes the self-injection of electrons from plasma
which makes it attractive to carry out the external injection experiments.

The design parameters of the electron beam from the REGAE accelerator and
the laser beam from ANGUS for the external injection experiments are listed in
table 1.4 [Zei™13; Zeil6).

1.3.3 Stability Requirements for the Pump-Probe Experiment of LWFA

In order to conduct such a pump-probe type of experiment, one has to provide
precise temporal and spatial overlap.
According to figure 1.6, choosing a low electron density of ~ 10'® em™ would result
in a plasma wavelength of A, ~ 300 pm and a corresponding period of T}, ~ 1 ps.
However, besides the longitudinal electric field of the plasma wave, it also features
transverse electric field, affecting the transverse size of the electron beam which
needs to be taken into consideration.
Figure 1.7 shows the longitudinal and transverse components of the generated
wakefield induced by the Gaussian laser pulse. These fields are phase shifted
with respect to each other by 7/2. To avoid the deceleration and diffraction of
the externally injected electron bunches, one has to choose the accelerating and
focusing regions from the corresponding longitudinal and transverse components
of the wakefield.

The length of this region where the transverse electric field is focusing and the
longitudinal field is accelerating (blue color) is quarter of a plasma wavelength *» /4
and is indicated by the dashed lines in figure 1.7. Hence, the externally injected

3

Table 1.4: Electron and driver laser beam parameters for external injection experiment

at REGAE.
Average electron beam energy ~ 5.6 MeV
Energy spread rms ~ 20keV to 30 keV
Bunch charge 100 fC
Bunch length < 10fs
Transverse beam size rms ~ 10 pm
Transverse normalized emittance 30nm
Laser spot size in focus 50 pm
Pulse duration 100 fs
Pulse energy 5J
Normalized vector potential ag ~ 0.75

10
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Figure 1.7: Transverse focusing strength and longitudinal electric field for plasma wakefield
[ESL09]. (Courtesy of I. Dornmair)

electron bunches need to arrive at least within a quarter of the plasma wakefield
period % = 250fs. The fraction of this region of the wakefield sets the upper
limit for the timing stability requirements between the ANGUS laser and the
electron beam from REGAE. The total timing jitter between the electron bunches
from the REGAE linac and ANGUS laser pulses should be within a 10 % of the
Ty /2 = 250fs for conducting precision experiments, which sets the limit of 25 fs
FWHM timing instability.

The optimum timing for the injection of the electron bunches in the plasma
wakefield can be found by scanning the delay between the electron bunch and the
driver laser. By measuring and analyzing the energy spectra of the accelerated
electron bunches, the strength of the acceleration field can be determined. In this
way, one could reconstruct the accelerating part of the plasma wakefield [Zeil6].
The timing stability of the electron beam at the plasma target is mainly defined
by how well the acceleration fields are controlled and the precision of the photo-
injector laser synchronization. The LLRF system controls the acceleration electric
field amplitude and phase in the RF gun and the buncher of the REGAE linac,
while the photo-injector laser synchronization to RF reference defines the relative
timing of photoelectrons with respect to the phase of the accelerating electric field
in the REGAE gun. Obviously, the timing jitter of the ANGUS laser is one of the
critical source for timing instabilities since it directly adds to the overall timing

11
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instability of the experiment.

To conclude, in order to achieve femtosecond level electron beam arrival time
stability with respect to the accelerating and focusing part of the plasma wakefield
Tp

(% = 250fs), the following conditions needs to be satisfied by the LLRF and laser

synchronization systems at REGAE:

« longitudinal electric field relative amplitude stability' of %;RFF <107

« longitudinal electric field phase stability? of Aprirr ~ 1072 degree (rms)
o laser-to-RF relative timing jitter 10fs (rms)
o laser-to-RF relative timing drift < 50fs (pk-pk)

Once the requirements listed above are met for the photo-injector laser synchro-
nization at REGAE, the same setup can be copied and employed for ANGUS laser
synchronization®.

1.4 Motivation and Goals

At REGAE, the laser-to-RF synchronization system has been initially realized
using a direct conversion method by employing a fast photodiode (PD) [Fel*12].
This technique is capable of providing a reasonable timing jitter stability of
less than 30 fs rms (short term), but it has several limitations: the photodiode,
which is a main component of the direct conversion setup, suffers from the so
called amplitude-to-phase modulation (AM-PM) effects. Additionally, many
components in a direct conversion setup are subject to timing drifts caused
by ambient temperature and humidity. These timing instabilities are finally
transferred to electron beam arrival time. Therefore, there is a need to develop a
new laser-to-RF synchronization scheme at 800 nm in order to reduce and mitigate
the AM-PM effects and environmental change dependent timing drifts of the direct
conversion setup.

Several different electro-optic modulator (EOM) based laser-to-RF schemes have
been developed to lock laser oscillators precisely to RF reference signals. Two
schemes are based on an integrated electro-optic (EO) phase modulator in a fiber
Sagnac loop interferometer arrangement: the balanced optical-microwave phase

"For the electron beam with kinetic energy of 5MeV and a drift space of 5.5 m, it can be shown that the
time of flight per kinetic energy reads 29fs kerl, hence 0.3keV variation gives about 10 fs beam
arrival timing stability.

*The phase change of 1 degree at 2.998 GHz corresponds to about 1ps in timing change, hence 0.01° of
phase variation results 10 fs beam arrival timing stability.

3The repetition rates as well as center wavelengths of the both ANGUS and REGAE photo-injector
lasers are the same.

12
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detector (BOM-PD) and the fiber loop optical-microwave phase detector (FLOM-
PD) [KKL06; Kim"07; KK10a; KK10b; JK12b; KJS14]. A third scheme is based on
an integrated dual output Mach-Zehnder modulator (MZM) designed for the Free-
Electron Laser in Hamburg (FLASH) and for the upcoming European X-ray Free-
Electron Laser (XFEL) [Lam™*11; Lam™13]. These EOM based synchronization
schemes were developed for a laser wavelength of 1550 nm which is a standard
telecommunication wavelength and many fiber optics and photonic components
are commercially available. All schemes have shown superior timing jitter and
especially drift performance compared to direct conversion based laser-to-RF
synchronization schemes.

Even though it is difficult to directly compare the performance of the two EOM
based laser-to-RF phase detectors, the dual output MZM based laser-to-RF phase
detector suggests a better long term timing drift performance compared to the
BOM-PD or FLOM-PD!. This circumstance was the motivation to pursue the
development of an 800 nm single output MZM? based laser-to-RF phase detector
at REGAE for photo-injector laser synchronization purposes.

Moreover, a recently published paper [Yan™15] where similar to REGAE, an 800 nm
Ti:Sa laser oscillator has been synchronized to a 2.856 GHz RF reference signal
using the FLOM-PD, shows an insufficient long term timing drift performance of
~ 175 fs peak-to-peak. Which is factor of 6 worse compared to 1550 nm FLOM-PD
with a timing drift performance of approximately 25 fs peak-to-peak [KJS14].

In this work, for the first time, the development, test and implementation of
an 800nm single output MZM based laser-to-RF synchronization system was
successfully conducted. The scheme was used to quantify and benchmark the
known phenomenon of AM-PM effects in the photodiode based direct conversion
scheme by conventional as well as electron beam based methods.

The main goal of this research, besides the development of an 800 nm MZM based
laser-to-RF' synchronization setup, was to demonstrate a peak-to-peak timing
stability, both short and long term, of < 50 fs.

1.5 Thesis Qutline

The brief overview of the REGAE facility together with the upcoming LWFA
external injection experiment within a LAOLA collaboration and corresponding
timing requirements for laser-to-RF synchronization system has been already
presented.

'The performance of the Sagnac loop based versus dual output MZM based laser-to-RF synchronization
setups is not comparable based on the measurement configurations and conditions. The main
difference is the frequency of the RF reference used for two setups 10 GHz and 8 GHz versus 1.3 GHz
for BOM-PD, FLOM-PD and dual output MZM based setup respectively.

*Tt was not available/possible to commercially obtain the dual output MZM for 800 nm wavelength light
source.
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Chapter 2 describes the direct conversion based laser-to-RF synchronization sys-
tem together with the measurement results of its short and long term timing
performance. Additionally, a detailed experimental investigation of AM-PM effects
of the used photodiode is presented by employing a new MZM based laser-to-RF
phase detector as an out-of-loop (OOL) phase detector for the first time.
Chapter 3 starts with an introduction in EO modulators. The general concept
of the 800 nm single output integrated MZM based laser-to-RF phase detector is
explained and mathematical approach supporting the basic concept of its principal
of operation together with the detector sensitivity and tolerances. In addition,
chapter 3 describes the experimental implementation of the MZM based laser-to-
RF phase detector for synchronization purposes.

Chapter 4 presents the measurement results of the newly implemented MZM based
laser-to-RF synchronization system performance by means of timing jitter and
drift. It shows the experimental investigation of the noise floor for the readout
electronics and identifies main source of the noise. Additionally, in chapter 4
similar to direct conversion setup, experimental investigation of AM-PM for MZM
based phase detector is presented.

Chapter 4 is finalized by unprecedented electron beam based validation of previ-
ously presented AM-PM effects for both laser-to-RF synchronization setups (direct
conversion and MZM based).

In chapter 5, the experimental results are summarized and in chapter 6 the outlook
of the project is given.
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Chapter 2

Direct Conversion Based Laser-to-RF
Synchronization

2.1 Overview

One of the most common techniques to synchronize the mode-locked lasers to
a radio frequency (RF) reference signal is using a fast photodetector. The idea
of employing a photodetection for synchronization purposes is to convert pulsed
optical signals to electrical signals. Electrical signals generated by the photodetector
is composed of high spectral purity harmonics of the laser repetition rate. The
cutoff frequency of the frequency comb is given by the bandwidth (BW) of the
photodetector. Typical fast photodetectors (~12 GHz BW) are fiber coupled
PIN photodiodes (PDs). One of the harmonics can be filtered out using an RF
band-pass filter (BPF) and a low noise RF amplifier in combination with an RF
phase detector can be employed for laser-to-RF synchronization.

There are several limitations related to the photodetection technique. The two
main problems are, a so called amplitude-to-phase modulation (AM-PM) effects,
where the optical power fluctuation is converted to the phase fluctuation of each
frequency component of the generated frequency comb. Second, the power level in
the generated frequency comb lines is rather low, leading to the limited signal-to-
noise ratio (SNR). Mainly these two effects limit the laser-to-RF synchronization
performance. In this chapter, the direct conversion based synchronization setup
and associated limitations (environmental dependencies), quantitative explanation
of AM-PM effects as well as experimental results will be discussed.

2.2 DWC based Laser-to-RF Synchronization

In the following three subsections a general description of the down converter
(DWC) based laser-to-RF synchronization will be covered as well as short and
long term performance of the DWC based phase-locked loop (PLL) and associated
limitations.
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2.2.1 General Description

At Relativistic Electron Gun for Atomic Exploration (REGAE), the DWC based
synchronization setup has been employed for phase locking the photo-injector
laser oscillator to fyo = 2.998 GHz RF reference [FelT12]. The setup uses the
principle of direct conversion with a fast photodiode. The laser oscillator generates
a pulse train with a repetition rate of f& = 83.275 MHz. After the photodiode one
obtains a frequency comb with frequency components separated by f& spacing
(see figure 2.1).

The 36th harmonic of the RF frequency comb corresponds to frequency of
2.998 GHz. It is filtered out using the narrow (30 MHz) RF BPF and is down-
converted by a local oscillator signal with frequency of fio = 3.023 GHz which
is derived from the master oscillator (MO). The down-conversion takes place on
a rear transition module (RTM)" which is a part of a micro telecommunications
computing architecture (MicroTCA) crate system. The intermediate frequency
(IF) of fip = 24.98 MHz is obtained after the down-mixing and digitized by a
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Figure 2.1: Frequency comb from a fast gallium arsenide (GaAs) PD EOT4000F.
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2.2 DWC based Laser-to-RF Synchronization

low-noise fast analog-to-digital converter (ADC) (Struck SIS8300) with the clock
frequency of 124.91 MHz. The exact frequencies are listed in table 2.1.

The digital signal processing is realized on a Xilinx Virtex 5 field-programmable
gate array (FPGA). It includes the digital in-phase and quadrature phase (I/Q)
demodulation to extract the phase information of the IF signal [Hof08; Fel*12].
The block diagram of the setup and the controller firmware are shown in figures 2.2
and 2.4.

For a given input sinusoidal RF and local oscillator (LO) signals, RF mixer output
(at IF port) can be written as equation (2.1), which includes both down-converted
and up-converted signals:

sip(t) = ;ALOARF{Sin[(wRF — wro)t + (drr — dL0)]
+sin[(wrp + wro)t + (Prr + dro0)]}-

(2.1)

Where, Ary, A10, Wrr, WLOs PrE, PLo are amplitude, angular frequency and
phase of the RF and the LO signals, respectively. The up-converted term of the
equation (2.1) is removed using an RF low-pass filter (LPF). Therefore, only the
first term of the equation (2.1) will remain:

() = 3 AvoAne (sinl(urr — wi0)t + (re —droll}. (22

From equation (2.2), the obtained DWC signal sip(t) oscillates with an inter-
mediate angular frequency of wip = wrp — w0 and a phase of ¢ = drp — d1.0.
Once the phase information is retrieved, the digital proportional-integrator (PI)
controller has been used to provide the feedback signal to the actuators of the
laser oscillator. The digital feedback signal from the PI controller is converted
to analog baseband signal by employing a digital-to-analog converter (DAC) of
the Struck SIS8300 board. It is pre-amplified by a low-noise baseband amplifier
(LNA) and further boosted using a stand alone high voltage piezo-electric (PZT)
driver. The amplified signal is applied to the PZT actuator of the laser oscillator
closing the feedback loop of the DWC based laser-to-RF synchronization setup.

Table 2.1: REGAE frequencies.

Frequency of MO Mo  2.9979 GHz
Frequency of LO fuo 3.0229 GHz
Frequency of IF fir  24.983 MHz

ADC clock frequency  fon 124.91 MHz

17
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Figure 2.2: Block diagram of the laser oscillator locking firmware.

2.2.2 Short Term Locking Performance and Limitations

The performance of the DWC based synchronization setup has been evaluated
multiple times by measuring the phase noise of the RF reference signal from the
MO, free running (unlocked) laser oscillator and synchronized laser oscillator signals
via PD [Fel*12]. Tt is common to express the phase noise as a single sideband
(SSB) power spectral density (PSD) L, of the phase fluctuations. Timing jitter
can be calculated by integrating the SSB PSD traces of all three signals with
respect to the offset frequency. The relationship between the SSB phase noise and
timing jitter spectral density can be written as following,

2
Si(fo) = ——=L,([,)- 2.3
t(f ) (27ch)2 (,D(f ) ( )
Where, f. and f, are the carrier and offset frequencies respectively, £,(f,) is a
SSB phase noise. The timing jitter in the particular frequency interval [f;, f5] can
be calculated by,

/ Si(fo)dfo. (2.4)

According to equation (2.4), one can formulate a thermal noise limited timing
jitter [GWB13].

1 | —174dBmHz '
AtthermalN \J m iz Af, (25)

rms ~ 2 T fc PC
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where, —174dBmHz ' = 3.98 x 102! WHz ' is a thermal noise power in
1Hz bandwidth for the 50 Q resistor at room temperature. P, is a power in a
desired frequency component of the RF comb after the photodiode and Af is a
measurement bandwidth. According to equation (2.5), higher P, results in smaller
At An estimate for the f, = 2.998 GHz carrier frequency, peak RF power of
P, = —25dBm and BW of Af = 1 MHz can be made. Equation (2.5) would result
At = 1.881fs which is a fundamental limit for the thermal noise limited timing
jitter within 1 MHz BW. It is already challenging to obtain more than —25dBm
power levels at few GHz frequencies, as conventional PDs are limited by saturation
effects. The saturation effects in fast PDs and related aspects will be discussed in
the next section.
Figure 2.3 shows the typical SSB phase noise traces measured using a signal
source analyzer (SSA). The corresponding integrated timing jitter values for the
individual decade are given. The PSD of the 2.998 GHz RF reference (MO signal),
PSD of the 36th harmonic from the free running laser oscillator and PSD of 36th
harmonic from the synchronized laser oscillator to RF reference signal.

If the laser oscillator is locked, it follows the RF reference signal up to the offset
frequency of f, ~ 2kHz (approximate locking bandwidth). Beyond the locking
BW in the interval of [2kHz - 1 MHz] the residual timing jitter of the synchronized
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Figure 2.3: SSB phase noise plots at REGAE. Red - RF reference, Green - free running
laser oscillator, Blue - Locked laser oscillator to RF reference.
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Chapter 2 Direct Conversion Based Laser-to-RF Synchronization

laser amounts to At ~ 20 fs root mean square (rms), mostly limited by the shot
noise of the photodiode.

Another method to examine the short-term locking performance of the synchronized
laser oscillator is to evaluate the relative timing jitter between the RF reference
and the laser oscillator by measuring the SSB voltage spectral density (VSD) of
the baseband signal using a out-of-loop (OOL) phase detector. Mathematically,
SSB voltage noise is defined as following [HP85],

SV2
cv(fo):; A? with S, (f,) = 2L,. (2.6)

Where, 0V, is a rms voltage fluctuation, Af is a measurement BW. The
relative timing jitter Atie, can be calculated by integrating the £,(f,) in a similar
fashion to phase noise traces described earlier in this section and calibrating it
with a calibration constant K, which converts the voltage to timing units. Hence,

one can calculate relative timing jitter by [Rub09]

fa
[ So(fo)dfs
Atrel . N

rms
K,

(2.7)

A so called beat-note calibration method is used to obtain a K, calibration
constant. Detailed description of this method can be found in [Sul*90].

At REGAE, RF mixer based out-of-loop phase detector has been built to measure
the relative timing jitter of the laser oscillator while latter is phase locked to the
RF reference signal using the DWC based synchronization setup. A simplified
schematics of the PLL and OOL phase detector setup is shown in figure 2.4.

Incoming pulses from the laser oscillator are split into two beams using a free
space beam splitter (BS). The main beam containing the 80% of the initial
optical power is sent to the laser amplifier providing the seeding source while,
the remaining 20% undergoes the several optical elements and is coupled in to
the pigtailed fiber collimator (FC). The FC is spliced to a 50/50 fiber splitter in
order to provide the optical pulses to two independent fiber coupled EOT4000F
commercially available GaAs PDs. Both PDs are used for in-loop and OOL
phase detectors respectively. After the PDs laser pulses are converted to electrical
signals generating the RF combs similar to figure 2.1. The filtered signals (36th
harmonics of the frequency comb) are amplified using the low noise RF amplifiers
to provide suited RF power levels to the RF mixers. The in-loop setup realized by
a MicroTCA based DWC RTM, which uses an active mixer, while the out-of-loop
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Figure 2.4: Out-of-loop relative timing jitter and timing drift measurement setup.

setup uses a conventional passive mixer from minicircuits’. The RF reference
signal for the OOL phase detector is generated directly from the MO with an exact
frequency of fyo = 2.998 GHz (see table 2.1). Hence, the down-mixed product of
the passive mixer results in the lower (baseband) and upper sideband signals. The
up-converted mixing product was filtered out using a passive LPF [ESLP].

The baseband signal of the OOL detector is further amplified using a direct current
(DC) LNA and monitored for diagnostic purposes (see figure 2.4). The typical
short term diagnostics include the measurement of the VSD of a baseband signal
using a SSA.

After successful integration and calibration for different LNA gains the relative

1http://www.minicircuits.com
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timing jitter between the RF reference signal and the laser oscillator pulse train has
been obtained. Figure 2.5 (a) show the PSD of the voltage noise and the relative
timing jitter for different LNA gains. All three curves yield the rms relative timing
jitter in the order of Ati% ~ 20fs within an interval of [10 Hz - 1 MHz].

From figure 2.5 (a) it is clear, that by increasing the LNA gain, the overall
noise level increases as expected, although the relative timing jitter does not
change effectively. It varies less than 41 fs around the absolute value of 20 fs. The
slight discrepancies between the integrated curves can be partially explained by
the measurement error of the calibration constant K, which directly scales the
integrated voltage noise values (see figure 2.7). This measurement does not reflect
the best performance of the synchronized laser oscillator to RF reference using
the DWC setup. The digital PI controller parameters were not optimized for
the in-loop phase detector, which is visible in figures 2.5 (a) and 2.5 (b) by slight
increase of the voltage noise and respective timing jitter between 10 Hz and 1 kHz.
Besides the PI controller parameters, the measured voltage noise also depends
on the tuning condition of the laser oscillator itself, electro-magnetic interference
(EMI) in the noisy accelerator environment and mechanical vibrations. Any type
of perturbations in pump laser intensity may induce fluctuations in amplitude,
phase, center frequency and therefore timing of intra-cavity pulse[Kim07] leading
to voltage noise level change outside the laser locking BW. One of the highlight
measurements of the OOL voltage noise when the laser oscillator was well tuned and
the digital controller parameters were optimized in comparison to the unstable laser
oscillator locked without controller parameter optimization is shown in figure 2.6 (a).
Figure 2.6 (b) corresponds to the integrated timing jitter based on measured data
presented in figure 2.6 (a), showing 10 fs rms relative timing jitter, which is more
than factor of two lower jitter than before.

In figure 2.7, the measured beat-note curves are shown for different LNA gains.
It is apparent, how the slopes at zero crossings of the beat-note are changing by
increase of LNA gain, resulting in an increasing OOL phase detector sensitivity.
The clipping of the signal in figure 2.7 for the LNA gain setting of 50 was caused by
the LNA, since the signal level exceeded the threshold of 11 V. The calibration
constants calculated from this curves were used to calibrate data presented in
figures 2.5 (a) and 2.6 (a).

To conclude, both absolute and relative timing jitter measurements show, that
the short term locking performance using a DWC based phase detector satisfies
the requirement for external injection based laser wakefield acceleration (LWFA)
experiments. However, besides the satisfactory short term performance, it is
extremely crucial to maintain the same order (<50 fs pk-to-pk) or better long term
residual timing drift between the RF reference signal and the laser oscillator pulse
train.
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Figure 2.5: Voltage noise and corresponding integrated timing jitter.
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Figure 2.7: Beat-note data recorded for calibration.

2.2.3 Long Term Locking Performance

The long term timing drift performance of the laser-to-RF synchronization is an
interesting figure of merit for the overall REGAE operation. The main goal of
this investigation was to identify some of the effects limiting the long term timing
stability of the DWC based synchronization setup.

The setup shown in figure 2.4 was used with an out-of-loop phase detector to
monitor long term timing drift while the laser oscillator is phase locked using
DWC scheme. More specifically, the baseband voltage has been recorded using a
datalogger with a sampling rate of 0.1 Hz and calibrated with a calibration constant
K, to obtain the timing drift information. The calibration curve was obtained
while the laser oscillator was unlocked. The 3 dB bandwidth of the datalogger
is about 20 Hz, therefore the high frequency noise is suppressed. Figure 2.8-(a)
shows the out-of-loop timing drift over a time period of 76 h while the average
optical power of the laser oscillator and PZT driver output voltage is monitored
in parallel (see figure 2.8-(b) and figure 2.8-(c)).

It was not possible to identify all the timing drift sources in a medium size
accelerator laboratory where reference signals are distributed to different sub-
systems using several meters of coaxial cables while temperature and humidity is
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Figure 2.8: Out-of-loop timing drift measurement. (a) relative timing drift, (b) optical
power change, (c) piezo voltage change.
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not controlled. Additionally, each component of the synchronization setup (PD, RF
filters, amplifiers) is susceptible to environmental changes which introduce timing
drifts throughout the whole system. Nevertheless, this long term measurement
has lead to identify some very interesting effects such as AM-PM effects of the
in-loop phase detector. The total peak-to-peak timing drift over 76 h amounted
Atk pi = 4.83 ps.

The large timing drift of 4.83 ps is mainly caused by the relative humidity changes
as will be discussed later. Those drifts do not directly influence the REGAE long
term timing stability since the system is built such that the entire machine, RF of
the cavities and laser will be shifted in time (common mode shift).

First the AM-PM effects for the in-loop photodiode based phase detector are
discussed: From this measurement data one can identify and roughly quantify
the timing drift contribution of the AM-PM effects of the in-loop phase detector.
One can observe a negative correlation between the applied voltage to the PZT
actuator and the optical power. Mainly, this correlation can be explained by two
factors. The intra-cavity gain change due to the movement of the PZT and motor
actuators (two of the laser oscillator cavity mirrors) and pointing instability of
the laser beam at the fiber collimator. Five steps in the blue curve represent the
stepper motor tuning steps while the laser oscillator operates in PLL. The PZT
driver output voltage range is from 0V to 90 V. When the PZT driver reaches
one of the limits, the laser locking server automatically sends the command to
the motor driver to move the stepper motor accordingly, hence one of the cavity
mirrors mounted on a delay stage inside the laser oscillator cavity, in order to move
the PZT driver into the center of the dynamic range. Usually, during the normal
operation of the PLL, the lower and upper limits of the PZT driver are set to 15V
and 65V respectively. The same timing of steps indicated in figure 2.8 with arrows,
are visible both in optical power and timing drift measurements, which clearly
indicates the AM-PM effects of the PD caused due to simultaneous movement of
PZT and motor actuators in order to keep the laser oscillator synchronized to the
RF reference siganl.

For each individual purely optical power induced phase change indicated by arrows,
approximate AM-PM coefficient can be calculated by taking the ratio of absolute
phase change to the corresponding relative optical power change in percentage
resulting units of fs %~'. The approximated AM-PM coefficients deduced from
the measurement figure 2.8, vary from 160 fs %" to 300fs % '. Even though this
estimation is not very precise, it gives a clear impression quantitatively, what
values of timing error contributions one may expect due to the AM-PM effects in
PDs.

Precise characterization of the EOT4000F PD for different applied bias voltages
at different input optical power levels will be discussed in the next section. It will
be shown that AM-PM coefficient is dependent on absolute input optical power
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and applied bias voltage.

Another important factor is the environmental influences on the laser oscillator
to RF reference synchronization performance. The relative humidity change has
the dominating influence on the timing drifts. More specifically, the correlation
between the residual timing drift and the relative humidity data have been observed
in certain time intervals of the measurement (see figure 2.9). Based on this
measurement data, it is not possible to fully characterize the dynamics of the
timing drift caused by the relative humidity change. The response of the system
is a slow process and the associated time delay can not be estimated precisely
unless the humidity induced excitation level of the system is sufficient to bring the
response parameter (timing drift) to steady state condition. However one can give
an approximate lower limit which amounts C; = 212fs% ' of relative humidity
change. Later, it was discovered that the dominant timing drift correlation with
humidity is related to the LO generation unit.

In figure 2.10-(b) phase of the 2.998 GHz RF reference signal is retrieved while
monitoring the relative humidity changes shown in figure 2.10-(a). The data
has been recorded by two different ADCs with different sampling frequencies,
therefore the data has been analyzed independently. From figure 2.10 it is obvious
that the curves are shifted in time. This time shift is expected because the
effect of humidity is a slow process and takes time until its influence becomes
visible in a humidity dependent physical parameter, in this particular case in a
reference signal phase measurement. Two region of interests (ROIs) have been
chosen indicated with arrows to validate the calculated humidity coefficients based
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Figure 2.9: Correlation between laser phase and relative humidity.
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on the data presented in figure 2.10. The calculated humidity coefficients read
Cy = 229.3fs %" and Cy = 228.7fs %" which fall into the 10 % error margin
compared to (] estimated from the out-of-loop measurement of the laser oscillator
timing drift. Because of this the low-level radio frequency (LLRF) system and
DWC based laser synchronization setup uses the same LO signal, resulting to a
common mode timing drift, which does not affect the electron beam long term
stability during the operation. However, if one deviates from this configuration
of using the LO signal as a common reference (e.g. MZM based setup with MO
signal as a RF reference), the timing drifts will directly affect the long term
stability of the REGAE operation. Finally, besides the large AM-PM effects of
the photodiode based synchronization setup and its humidity influenced timing
drifts, the remaining residual drift amounts to quite a prominent number. The
most stable part of the 76 h measurement data is an 8 h measurement region (see
figure 2.11), which shows At > 250 fs peak-to-peak timing drift. It is almost
one order of magnitude higher than the <50 fs peak-to-peak long term timing drift
stability requirement.
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Figure 2.10: Relative humidity change, 2.998 GHz phase drift.
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Figure 2.11: Selected 8 h long region of out-of-loop timing drift measurement.

2.3 Amplitude-to-Phase Conversion in Photodiodes

In this section the AM-PM effects in photodiodes will be discussed in detail. Brief
overview of the time domain based calculation methods of AM-PM coefficients as
well as unique direct measurement method of the AM-PM coefficients using Mach-
Zehnder modulator (MZM) based laser-to-RF phase detector and corresponding
measurement results will be addressed.

2.3.1 Time Domain Response and Saturation Effects in Photodiodes

Time domain signals have been measured using a fast GaAs photodiode. The
measurement setup is shown in figure 2.12. Optical pulses from titanium sapphire
(Ti:Sa) laser oscillator are coupled into the fiber collimator (FC). A %0 fiber
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splitter splits the light beam into two paths. 90 % of the beam is incident on a
fast GaAs photodiode while the other 10 % beam is used to monitor the optical
power changes. The optical power after the laser oscillator can be varied using
neutral density (ND) filter. The output of the photodiode is connected to the

8 GHz bandwidth Agilent oscilloscope.

By impinging the short laser pulses on a fast photodiode, photogenerated carriers
form an electric pulse. At first, when increasing the optical energy per pulse,
the peak voltage increases linearly. Eventually, the PD saturates which means
that the peak voltage of the photodiode output signal does not increase with
the optical power anymore. Simultaneously, the electric pulse width increases
and the shape becomes asymmetric. The fast rise is followed by a slower decay
down to equilibrium. If optical power is further increased the PD peak voltage
decreases and dramatic pulse width broadening takes place. The broadening is
very sensitive to the applied bias voltage. These effects have been experimentally
measured and illustrated in figures 2.13 and 2.15, which shows the PD response for
different average optical power levels when 3V, 5V and 10V bias voltages were
applied for figure 2.15 and 5V and 10V bias voltages were applied for figure 2.13.
The peak voltage reduction and pulse broadening with increasing optical pulse
energy can be explained by the screening effects in photodiodes. Once charge
carriers are generated, they interact with each other forming an electric cloud which
generates the internal electric fields partially canceling the electric field created
by the applied bias voltage. Partial compensation of the bias field, results in the
decrease of the mobility, hence increasing the transit time of the photogenerated
carriers. This screening effect can be reduced by utilizing higher bias voltages.
The figure 2.13-(b) shows that when 10V bias voltage is applied the peak voltage
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Figure 2.12: Sketch of the setup for measuring time response of the fast GaAs photodiode.
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of the time response curve does not undergo the over-saturation regime. However,
the maximum bias that can be applied to a photodiode is limited by device failure
due to thermally activated runaway of dark current [JD09]. In figure 2.14 all
three operation regimes (linear, saturation, over-saturation) are shown for three
different applied bias voltages. For 3V and 5V bias voltages saturation takes place
at a lower average optical power levels, followed by the screening effects, while
for 10V bias the saturation initializes on a higher optical power levels and shows
significantly reduced screening effects. The described pulse broadening dependency
on different optical power levels is depicted in figure 2.15. All three curves of this
plot again verify the concept that when screening effects are present the pulse
broadening is much more dramatic and the higher bias voltages reduce screening
effects resulting smaller full width at half maximum (FWHM) pulse duration.

2.3.2 Methods and Measurement Setup of AM-PM Coefficient

There are three main methods to obtain the AM-PM coefficient [Tay*11; Zha™12;
IDHO5]. The first method is semi-empirical. It assumes the asymmetric triangular
shape of the time response of the photodiode. The phase of the n™ harmonic of
the laser repetition rate can be approximated as following: |¢,| = 2n7 fr [IDH05],
where 7 is a pulse duration measured at its base [IDHO05]. The derivative of ¢,
with respect to the average optical power yields the AM-PM coefficient and can
be written as follows,

dr

P anRd—P. (2.8)

The second method is based on a numerical Fourier analysis of the temporal
response of the electric signal from the PD [JD09]. Using this method one can
directly extract the phase information in a desired frequency component of the
frequency comb using the Fourier transformations for different optical power levels
and by taking the derivative of the phase with respect to the average optical
power, the AM-PM coefficient can be obtained [JD09]. The third method is purely
experimental and it is based on a direct measurement of the phase with out-of-loop
AM-PM free phase detector for different optical power levels and applied bias
voltages. The first two methods seem relatively easy to employ, however, there are
significant discrepancies between the two which starts to be visible even when the
PD is operated within the linear regime [JD09]. This discrepancies become even
larger when the optical power levels tend to drive the PD in saturation or even
over saturation regime. Therefore, in order to perform more precise evaluation of
the AM-PM coefficients it has been decided to directly measure them for different
average optical power levels and different applied bias voltages.
The general layout of the measurement setup for deducing AM-PM coefficients is

’ de,
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Figure 2.13: Time response of EOT4000F GaAs PD measured using the 8 GHz Agilent
DS080804B oscilloscope for different average optical power levels. (a) and (b) are
recorded for 5V and 10V PD bias voltages respectively. The repetition rate of the
laser is 83.275 MHz at a wavelength of 800 nm.
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Figure 2.14: Peak voltage as a function of average optical power for three different PD
bias voltages. Solid lines show the double exponential fits to the measured data.

shown in figure 2.16. It is very similar to the setup presented in figure 2.4. The
major difference is the OOL phase detector.

The DWC based synchronization system has been employed for locking the laser
oscillator to the RF reference (3.023 GHz). The free space optics has been modified
compared to the layout shown in figure 2.4. After the 10/90 BS and a focusing
lens (L1), a 40 nm FWHM optical bandpass filter (ND) has been installed with an
angle. The filter transmits the 40 nm FWHM spectrum of the incident broadband
~ 65nm FWHM light centered at A\, = 795 nm and reflects the residual optical
spectrum which is guided with a mirror (M3) to the fiber coupled collimator (FC1).
This fraction of the optical beam is used to lock the laser oscillator using DWC
based direct conversion scheme. The optical bandpass filter (F1) is used because
the MZM which is employed in the out-of-loop phase detector has a limited optical
operation bandwidth. Details on the MZM based setup are addressed in the next
chapter. The filtered optical beam is guided with the mirrors (M1, M2) to the
polarization maintaining (PM) fiber collimator (FC2) which is attached to the
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Figure 2.15: FWHM of the pulse duration as a function of average optical power for three
different PD bias voltages. Solid lines show the cubic polynomial fits to the measured
data.

MZM based out-of-loop phase detector.

The RF reference signal (2.998 GHz) for the MZM based phase detector is provided
directly from the MO (see figure 2.16). The readout electronics of the MZM based
laser-to-RF phase detector converts the relative phase error information imprinted
in the amplitude of the optical pulses into electric signals such that the phase
error becomes directly proportional to the baseband output voltage which can be
read out by the oscilloscope or datalogger. More details about the principle of
operation of the MZM based laser-to-RF setup including the technical details will
be presented in next chapter.

The ND filter in figure 2.16 has been used in order to vary the input optical power,
introducing artificial amplitude modulation (AM) on the PD employed for in-loop
DWC based synchronization setup.
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2.3.3 Measurement Results of AM-PM Coefficient

Measurement of the AM-PM coefficient has been carried out for discrete optical
power levels from 1 mW to 8 mW in steps of 0.5 mW and for three different applied
bias voltages Vi;,s = 3V,5V,10V. For each absolute optical power level, op =
+0.2mW AM has been introduced using the ND filter. Accordingly, the AM-PM
induced voltage change 0V o¢ A,y pm around the nominal value from the MZM
based OOL phase detector has been monitored by an oscilloscope and a datalogger
(Agilent 34970A). The recorded voltages have been converted to units of fs by K,
which was determined prior to the experiment. The sensitivity of the out-of-loop
phase detector was K, = 0.325mV fs~'. The AM-PM coefficients are given in

units of fs %! of optical power change,

Apam—pm
Qam—pm — gii;n/Pp7 (29>
where, Apam—pm = 2V/k, and AP = P £ p are the AM induced phase and
power variations from the nominal values. AV =V + §V is a voltage variation
proportional to the phase variations from its nominal values measured at the
output of the OOL phase detector. All the parameters in equation (2.9) have been
measured and evaluated resulting an evolution of AM-PM coefficient as a function
of the average optical power incident on the PD for different applied bias voltages.
Figure 2.17 shows the three curves of the AM-PM coefficients as a function of
average optical power for different photodiode bias voltages. At low optical powers
the AM-PM coefficient starts out at approximately 300fs %' of input optical
power change and is independent from the PD bias voltage. As optical power
increases this coefficient starts to change sign and oscillate between £300fs %" of
input optical power change. At certain optical power levels when the photodiode
undergoes the deep over-saturation regime, the AM-PM coefficient becomes very
large (see figure 2.17, P > 7mW, bias voltage 3V).
For the laser synchronization purposes, the most interesting regions in figure 2.17
are the zero crossings of the @y, pm, because ideally, P(cm,—pm = 0) is a desired
operating point for regular REGAE operation. However, the optical power of the
Ti:Sa laser oscillator at REGAE changes 2 % to 3 % moving the AM-PM coefficient
to undesired operating point.
Besides the small AM-PM coefficient, the absolute power delivered to the 2.998 GHz
frequency line used for direct conversion based laser synchronization is critical to
achieve a sufficient SNR.

The intrinsic thermal noise limited timing jitter can be estimated using equa-
tion (2.5). For that reason, the peak power of f. = 2.998 GHz RF comb line has
been measured for discrete average optical power levels at three different applied
bias voltages and is shown in figure 2.18.
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Figure 2.17: AM-PM coefficient as a function of average optical power level for different
applied bias voltages, f.., = 83.275 MHz, A, = 795 nm.

According to equation (2.5), in order to reduce the thermal noise limited intrinsic
timing jitter one has to maximize the RF power P.. Hence, the zero crossing of the
10V bias voltage curve has been chosen to fulfill the both requirements, minimum
AM-PM coefficient and smallest intrinsic timing jitter.

The measured average optical power resulting y,_pm = 0 from figure 2.17 is
Poptimum = 7.37mW at 10V bias voltage. The corresponding RF peak power at
2.998 GHz carrier frequency amounts P, = —22.97 dBm resulting At = 1.49fs
thermal noise limited timing jitter in the measurement bandwidth of Af =
1 MHz. However, for an average optical power of P, imum = 7-.37 mW shot noise
becomes the dominant noise source. Therefore it is more reasonable to calculate
the shot noise limited timing jitter within a measurement bandwidth of 1 MHz.

The shot noise power in 1 Hz bandwidth for 7.37 mW optical power amounts to
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Figure 2.18: RF power at 2.998 GHz as a function of incident average optical power for
three different applied bias voltages.

—164dBm Hz "', By substituting values in equation (2.5) one obtains a shot noise
limited timing jitter:

Aot L \/—164dBmHz_1

10°Hz = 4.74fs. 2.1
ms N o\ T ogordpm 0 e = AT (2.10)

In summary, the installed and fully automated photodiode based direct con-
version laser-to-RF synchronization setup at REGAE has been introduced. The
timing jitter and drift performance has been evaluated experimentally. The setup
performance limitations such as AM-PM effects and environmental dependent
timing drifts have been addressed and experimentally investigated. Next chap-
ter will introduce an alternative MZM based laser-to-RF synchronization setup
to overcome and mitigate problems associated with the direct conversion based

'Shot voltage noise (rms) in 1 Hz bandwidth of the photodiode can be calculated as: Van = V2eRpp P-Rso,
where Rpp is a photodiode responsivity in units of AW and Rso is a 50 Q load resistor. For
EOT4000F photodiode, the responsivity at 800 nm amounts to approximately Rpp = 0.34 AW .
More detailed discussion about thermal noise and shot noise can be found in chapters 3 and 4.
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laser-to-RF synchronization setup.
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Chapter 3

Mach-Zehnder Modulator Based
Laser-to-RF Synchronization

In the past, different approaches have been presented to build laser-to-radio
frequency (RF) synchronization systems [KKLO06; Kim™*07; KK10a; KK10b; JK12b;
KJS14; Lam™11; Lam™ 13]. This thesis focuses on the construction, testing and the
implementation of a laser-to-RF synchronization setup based on a single output
800 nm integrated Mach-Zehnder modulator (MZM) at Relativistic Electron Gun
for Atomic Exploration (REGAE) [Tit"14; Tit"15].

3.1 Introduction to Electro-Optic Modulators and Limitations

In this section, the basic idea of a novel 800 nm MZM based laser-to-RF synchroniza-
tion setup, including a detailed description of the most important sub-components
will be presented. This unique system is based on a predecessor and more sophisti-
cated laser-to-RF synchronization scheme for 1550 nm which has been successfully
tested and engineered for the Free-Electron Laser in Hamburg (FLASH) and the
upcoming European X-ray Free-Electron Laser (XFEL) [Lam™11; Lam™ 13].

3.1.1 Single Output 800 nm Integrated MZMs

MZMs are based on interference of light waves. The classical Mach-Zehnder
interferometer consists of a pair of free space reflecting mirrors, beam splitter (BS)
and photodetectors. The input light is split into two beams by BS1 and both
beams are guided with a pair of mirrors M1, M2 to the second BS. After the
second BS, the light beams are detected using the two photodetectors D1, D2
(see figure 3.1). Depending on the relative phase between both arms of the light
path, the photodetectors D1 and D2 will detect intensity maxima and minima
corresponding to constructive and destructive interferences of the two beams. One
can realize the same interferometric configuration by means of integrated photonics.
One of the most popular integrated photonics devices based on a Mach-Zehnder
interferometer is an electro-optic (EO) amplitude modulator or simply integrated
MZM. 1t is based on a nonlinear crystal materials such as Lithium-Niobate
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Figure 3.1: Sketch of classical free space Mach-Zehnder interferometer.

(LiNbOs3), Lithium-Tantalate (LiTaOs3) and others. These crystals feature special
characteristics, namely the index of refraction can be varied by applying a bias
voltage V4,. Linear EO effect is a phenomena, when the refractive index change
is proportional to an applied electric field. This effect is also known as Pockels
effect. The Pockels effect is governed by the following relations:

1

An, = §nirE, (3.1)
2m T 3
Ap = TAnIL = anrEL, (3.2)

where, E = W/a for a transverse modulator, while £ = /L for a longitudinal
modulator [ST91]. L denotes the length of the crystal, n, is a refractive index
of the crystal, r in an electro-optic coefficient and A\ is a wavelength of light.
Equation (3.2) can be rewritten as,

L

™

Agp = X”ir%E, (3'3)
T 3
A¢L = Xn$TVb’ (34)

where, A¢r and A¢y, are the phase deviations of the transmitting light from the
nominal value for transverse and longitudinal EO modulators, induced by the
applied bias voltage. The sketches of both types of EO modulators are shown in
figure 3.2. Within the context of this manuscript only transverse EO modulators
will be considered. A characteristic parameter for an EO modulator is the half-wave
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voltage denoted as V.. V. is the voltage required to induce a phase shift of 7
between the two arms of the interferometer. From equation (3.3) one can obtain
an analytical expression for the half-wave voltage (see equation (3.5)).

A d

Y
nir L

V, = (3.5)

where 4/L is the aspect ratio of the crystal. For transverse integrated EO modulator,
a typical length of the crystal L is about 1cm to 2 cm, while d can be as small as
~ 20pm. For LiNbO; material the EO coefficient r is about 33 pm V™' [JEN] and
n, ~ 2.25 at a wavelength of A = 800 nm. Substituting the values in equation (3.5),
one obtains a half-wave voltage of V, &~ 2V — 4V for light source at 800 nm. The
small transverse dimension makes the EO modulator a very sensitive device to
measure RF fields with moderate RF power levels ~ 20-30 dBm.

One can construct an integrated amplitude modulator or MZM by employing a
LiNbOj crystal. In order to modulate the amplitude of the light one can insert an
EO phase modulator to one or both arms of the Mach-Zehnder interferometer.
There are different configurations in which an integrated MZM can be implemented
using phase modulators. One of the most commonly used configuration is the
so called push-pull arrangement of electrodes with respect to the waveguide as
presented in figure 3.3. By applying a voltage, an inverse phase shift takes place
in both branches of the interferometer. After recombination of the light pulses,
interference of the light waves, causing the amplitude modulation at the output of

Figure 3.2: Sketch of transverse and longitudinal EO phase modulators.
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the modulator. A voltage change of V. for an amplitude modulator means that
the interference pattern can be shifted from total constructive to total destructive
interference resulting in the maximum or minimum amplitude level at the output
of the modulator.

The transfer function for the integrated MZM can be derived based on equa-
tions (3.3) and (3.5) and by considering the classical interferometric behavior of it.
The transmission of the light for a loss free integrated amplitude modulator can
be written as,

T(V;) = ﬂ = % (1 + cos (%(Vb - %))) , (3.6)

where [;, and I, are the input and output intensities of the light. V} is the
voltage actually applied to the modulator in order to induce a phase shift of A¢g
in a push-pull electrode arrangement, while V}, is the offset voltage required to
overcome the intrinsic phase mismatch ¢, caused by the imperfections of the

optical
waveguide

electrodes

Figure 3.3: Sketch of a typical integrated Mach-Zehnder modulator in a push-pull arrange-
ment.
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amplitude modulator due to the length difference of the two interferometric arms.
Usually, Vj varies from modulator to modulator even if they are produced by the
same manufacturer. Often, MZMs are operated by applying both direct current
(DC) and RF signals. Therefore, one can rewrite equation (3.6) by introducing
the additional m modulation voltage for RF signals V pp:

T(Vy, Vrr(t) = aM2ZM (1 + cos <7T(Vb — Vo) + VFVRF(t)>> , (37
m,DC m,RF
with, ayzy the insertion loss of the MZM. Based on equation (3.7), the MZM
transfer function is plotted in figure 3.4 where arrows indicate some of the most
important characteristic parameters of the modulator. Several properties of the
modulators depend on the wavelength and the optical bandwidth (BW) of the light
source. In particular, the half-wave voltage typically decreases with the decrease
of the wavelength, while the insertion loss increases at shorter wavelengths mostly
due to Rayleigh scattering [JEN]. In addition, the spectral bandwidth of the light
limits the proper operation of the modulator by means of modal behaviour of the
waveguide [JEN]. Figure 3.5 shows the spectral BW dependency as a function
of the center wavelength. The highlighted region suggests the optical BW range
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Figure 3.4: Typical loss free MZM transfer function.
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where MZM should be operated. Since the light source used in this experiment
is a broadband (~ 65nm) titanium sapphire (Ti:Sa) laser oscillator with center
wavelength at ~ 800 nm, one has to consider the limitations of the MZM according
to figure 3.5. These limitations occur due to the fact that full constructive or
destructive interference happens at different applied voltages depending on the
wavelength. The simplest way to overcome this issue is, if one employs a 40 nm
(FWHM) optical band-pass filter (BPF) in order to match the spectral BW of the
incident light source to the recommended spectral range of the MZM.

3.1.2 MZM DC Bias Drift and Quadrature Point Operation

LiNbO3; based EO modulators react on an applied DC bias voltage with a so
called DC bias drift or simply bias drift. The origin of this effect is a complex
interplay between several physical phenomena (pyroelectric, photoconductive,
photorefractive) that simultaneously act on the LiNbO; crystals once the voltage
is applied [Sval0]. Due to these phenomena, the effective electric field created
by the applied DC bias voltage gets partially compensated. Since, all the effects
depend on other physical parameters of the EO modulators such as: crystal purity,
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Figure 3.5: Usable spectral BW for proper LiNbO3; based MZM operation [JEN].
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crystal temperature, wavelength and optical power density, the settling time may
vary from few minutes to few hours [JEN].

The transfer function of the MZM follows a sinusoidal behavior. Only the part
+0.1 -V, can be considered to be linear. To yield the maximum performance of
the modulator, it is desired to operate in the linear part of its transfer function,
yielding the 50 % transmission in the so called quadrature point.

Figure 3.6 illustrates the MZM bias drift effect in terms of its transfer function
change. According to figure 3.6, the bias voltage is set such that the modulator
is operated on a 50 % transmission point, due to a bias drift phenomena, optical
transmission changes, thus different bias voltage levels V;, + AV, are required to
keep the 50 % operation point. Here, AV}, is a voltage deviation from the nominal
value needed to compensate the bias drift. The effect of bias drift was measured
using the commercial 800 nm MZM from Jenoptik GmbH (see figure 3.7). The
bias voltage of 0.6V was applied causing the output optical power to increase
from 18 % to 50 %, hence half transmission (quadrature point). Rapidly after
applying the bias voltage the optical power dropped by 5% with a time constant
of approximately 20 min (1/e). The steady state was reached after about 3h at
44.1 % of relative optical power.

Empirical observations suggest that the bias drift induced optical power change
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Figure 3.6: Bias drift representation by means of transfer function of 800 nm MZM from
Jenoptik GmbH.
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Figure 3.7: Measured bias drift of a commercial 800 nm MZM from Jenoptik GmbH.

follows the exponential o a - exp(—t/b) + ¢ function, where b is a 1/e drift time. A
least-square method fit was applied to precisely define the optical power change
as well as a drift time for each measurement data (see green curve in figure 3.7).
Since, the LiNbOj crystal is a highly temperature dependent medium, it is worth
mentioning, that the temperature of the MZM has been actively stabilized with
peak-to-peak stability of 15 mK while performing this measurement.

3.2 MZM Based Phase Detectors

The approach of using an EO modulator for laser-to-RF synchronization is based
on sampling the RF reference signal with optical pulses from a Ti:Sa laser oscillator
within the MZM. This allows to convert the relative timing error between these
two sources into an amplitude modulation of the optical pulses.

In this section, the basic idea of the novel 800 nm single output integrated MZM
based laser-to-RF synchronization system, including detailed description of some
of the most important sub-components will be presented. A qualitative illustration
of the MZM based laser-to-RF phase detector will be supported by a mathematical
analysis, where the performance critical parameters and corresponding fundamental
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limits of the detector are evaluated.

3.2.1 Basic Concept

In general, one can imprint an arbitrary RF signal on the optical signal with a
MZM. Figure 3.8 depicts the simulated amplitude modulation of a continuous
wave (CW) laser source by an arbitrary RF signal, while the MZM is operated in
the linear part of its transfer function.

If a pulsed laser system such as modelocked Ti:Sa laser oscillator is used, the RF
signal is sampled by the optical pulses only at specific times, with the repetition
rate of the modelocked laser oscillator. For simplicity lets assume that the laser
repetition rate and RF frequency are equal f.., = frr, both sources are locked
to one another (Per = Yrr, Where Q. = phase of the first harmonic of the
frequency comb)l. The MZM is biased at its quadrature point. In that case, the
amplitude pattern of the laser pulses passing through the MZM will be solely
defined by the relative timing/phase between RF signal and the laser pulse train.
There are three cases that may occur illustrated in figure 3.9. First, the laser pulses
sample the zero crossing of the RF signal (relative phase is zero). Second the laser
pulses sample positive voltages of the RF signal (relative phase is non-zero) and
third, laser pulses sample negative voltages of the RF signal (relative phase is

Popt Popt

output t

RF & DC “ case/GND

A

Figure 3.8: lllustration of the amplitude modulation of the CW optical signal using MZM
and RF signal.

"In principle the scheme can be operated for any laser repetition rate which is a multiple of the RF
frequency frr =1 frep-
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Figure 3.9: lllustration for the basic concept of the MZM based laser-to-RF phase detector.

non-zero). All three cases will result different optical power levels at the output of
the MZM. It starts with the optical pulse train from the pulsed laser oscillator,
resulting the frequency comb on a frequency domain (see figure 3.9).

If the relative timing/phase difference at the MZM is zero, the optical pulses will
only experience the insertion loss of the modulator. The amplitudes of the optical
pulses get reduced which is the nominal working point Ap o< Aprr = 0. If pulses
sample the positive part of the RF signal the amplitude of the laser pulses gets
further reduced from the nominal value and vice versa when pulses sample the
negative part of the RF signal Ap o< Apgryr # 0. For all three cases the frequency
spectrum derived from the laser pulse train will follow the same amplitude pattern
as it was described for the time domain signals (see figure 3.9). The frequency
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spectrum remains unchanged.

One could use this relative phase error to optical amplitude dependency for laser-to-
RF synchronization by detecting the optical power level deviation from the nominal
value to set up a feedback loop using a conventional proportional-integrator (PI)
controller. However, this approach could lead to severe problems in terms of its
long term accuracy. Following parameters can cause the amplitude change at the
output of the MZM:

(a) light source (laser).
(b) fiber coupling efficiency.
(c) bias drift.

laser and coupling efficiency: If the output power of the Ti:Sa laser oscillator
varies or the free space to fiber coupling efficiency changes, one can not
distinguish the source from which the absolute optical power change is
caused.

bias drift: Another source for optical power change is the intrinsic bias drift of
the MZM. The optical power change is indistinguishable from the optical
power changes due to the relative timing error between the laser pulse train
and RF reference signal.

In all cases, the controller will treat all errors the same way leading to a false
feedback to the laser oscillator which will degrade the performance of the laser
synchronization [Lam17].

3.2.2 Advanced Concept

An advanced concept of the MZM based laser-to-RF phase detector is based on
the previously presented detector ( see basic concept) by means of timing error
to amplitude error conversion on an optical domain. It relies on an amplitude
modulation of the optical pulses (relative amplitude mismatch) instead of an
absolute optical power change. The realization of this concept is possible if every
second optical pulse from the pulse train is aligned to opposite slopes of the RF
wave with respect to its predecessor pulse (see figure 3.10). This is possible, if
the laser oscillator repetition rate amounts for example to twice the RF frequency
frep = 2frp- To generalize the last statement, the frequency ratios between laser
repetition rate and RF reference for this configuration can be written as [Lam17]:

2m —1
fRF = Tfrem (38&)
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1
fmod = §frep7

(3.8b)

where, {m € N}, fi0q is the frequency of the amplitude modulation of the optical
pulses at the output of the MZM. In figure 3.10 the optical pulses with twice the
repetition rate of the RF frequency are transmitted through the MZM. When
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Figure 3.10: Illustration for the advanced concept of the MZM based laser-to-RF phase

detector.
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relative phase is zero between the laser oscillator pulse train and RF reference,
optical pulses arrive at the zero crossings of the RF reference and amplitude
modulation of the optical pulses does not takes place. When Apgrp # 0, the
amplitude modulation of the laser pulses will occur. One sees from figure 3.10
that, for any Apgryr # 0, each subsequent pair of optical pulses samples opposite
slopes of the RF wave. This translates to amplitude mismatch of the individual
laser pulse since they experience positive and negative voltages of the RF signal
respectively.

Ideally, the average optical power stays constant at the output of MZM even
though each individual pulse gets amplitude modulated. Hence, this method of
phase-error to amplitude-error conversion does not depend on an absolute optical
power change which can be caused by the laser oscillator power fluctuations or
MZM bias drifts and fully mitigates the problems associated to the previously
described method.

Initially, before the laser pulses enter the MZM the RF frequency spectrum is a
typical frequency comb of an optical pulse train. When, optical pulses sample
the zero crossings of the RF signal (Apgp = 0), the frequency spectrum remains
unaltered. When Apgrp # 0, the amplitude modulation of the optical pulses
in the time domain transfer to the frequency spectrum as additional frequency
components which then start to show up (see figure 3.10). The new frequency lines
appear at half of the fundamental repetition rate fwer/2 and every odd harmonics
(see figure 3.10). These lines are called the amplitude modulation frequency
components and the lowest of them throughout this thesis will be called the
modulation frequency as defined in equation (3.8b).

One can detect the amplitude of this modulation frequency and set a feedback
loop based on the amplitude of this frequency component in order to synchronize
the optical pulse train to the RF reference.

In figure 3.10, one can notice that the phase flip of 180° of the modulation frequency
occurs depending on the direction of the relative phase error (£Apgp).

3.2.3 Adaptation of the Advanced Concept for the REGAE Frequencies

So far, the frequencies which have been chosen to illustrate and explain the concept
of the advanced MZM based laser-to-RF phase detector were selected artificially
in order to ease the explanation of the main concept.

In the next step, the presented concepts will be transferred and adapted to the
arbitrary frequency ratios (fre/f,.,). Even if these frequencies do not result in
a half integer ratio, it is still possible to implement the advanced MZM based
laser-to-RF phase detector. One can artificially condition and reshape the initial
repetition rate of the optical pulse train. These pulse trains can result in integer
numbers for frequency ratios and still satisfy all the requirements to make them
usable for the advanced concept of the MZM based laser-to-RF phase detector.
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Figure 3.11: Sketch for the concept of a free space optical delay line in front of the MZM
required for realization of the advanced MZM based laser-to-RF phase detector for
arbitrary frequency ratios frr/f,.,.

This can be realized by tapping off fraction of light from the initial pulse train,
delaying the tapped off part of the beam in an optical delay line and by recombining
with the initial pulse train. Figure 3.11 shows a general sketch of an optical delay
line followed by the MZM. The optical delay line in this particular case has been
realized by means of free space optics. From figure 3.11 one can see that the
splitting ratio of the first BS is 0/50 and the optical delay line introduces a time
delay of T;,. However, after the laser pulses pass the MZM, they end up with a
smaller amplitude depending on the intrinsic insertion loss of the modulator and
the operating point of the MZM in terms of its transmission. The third factor which
additionally affects the power level of the optical pulses is the coupling efficiency of
the fiber collimator which is required to couple the light from the free space to the
input fiber, of the integrated MZM. The detection of the modulated optical pulses
after the MZM is realized by a photodiode (PD). The combined optical pulse trains
can be analyzed as two independent pulse trains impinging on the photodiode,
where each of them generates a frequency comb which carries the same frequency
components. The phase relation for each frequency component is defined by the
introduced optical delay 7. For every delay which is an odd multiple of 7 at a
specific frequency, this frequency component will show destructive interference and
vanish from the frequency spectrum of the recombined pulse trains. More details
about the origin of the spectral amplitude modulation can be found in [Lam17].
The arrival of the combined optical pulses with respect to the RF reference wave in
the MZM is fully defined by the length of the optical delay line. Thus, the length
of the delay line must be chosen such that the optical pulses can arrive on opposite
slopes of the RF signal while the amplitude modulated frequency component at
the same time coincides with one of the comb lines from the frequency comb after
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the photodiode.The relationship between the laser repetition rate, time delay Tj
and the amplitude modulation frequency can be written as [Lam17]:

2m—1 1
T, = W;n -fr—ep, frep:fl:lF, with {m,n € N} and m <n. (3.9a)
11
fmod = 5 ’ ?0 (39b)

From equation (3.9), one can see that n different time delays can be deduced for
each sub-harmonic of the RF reference. However, the modulation frequency fi.q
calculated using equation (3.9) does not necessarily ensure that it coincides with
one of the harmonics of the laser repetition rate, which is required for detection.
Therefore, [Lam17] suggests the following procedure to calculate the modulation
frequency, avoiding the tedious steps which requires to check the feasibility of the
modulation frequency for each opposite slope of the RF reference between two
consecutive optical pulses.

If the laser repetition rate is a sub-harmonic of the RF frequency, one has to define
the modulation factor k£ which is the highest power of 2 and satisfies the following
condition: 7/k € N. One can rewrite equation (3.9) in terms of modulation factor
k as following [Lam17]:

2m—1 1
= . 3.10
T (310
fmod = kfrep' (310b)
1 1
= —- . 3.11
"= 3% (3.11)
Case 1 For all odd sub-harmonics of the RF reference frequency, the modulation

factor k£ = 1.

Case 2 (REGAE case) For even sub-harmonics of the RF reference frequency the
k-factor may take different values. One can calculate the k factor for REGAE
frequencies (RF and laser) which is the case of even sub-harmonics. The
ratio of the RF reference frequency from the master oscillator (MO) to the
repetition rate of the Ti:Sa laser oscillator results fwo/fy =36 = 9- 2%, Hence,
k = 4 which means that according to equation (3.10b) the 4th harmonic
of the laser oscillator repetition rate is the lowest frequency line in the RF
comb which experiences a full extinction (total destructive interference).

Based on equation (3.11) one can calculate the time delay between the original and
the delayed optical pulses which amounts to Tj = Trep/8 = 1.501 ns, where T}, is one
period between the laser oscillator pulses at REGAE. In figure 3.12, the simulated
amplitude modulation of the frequency comb is depicted for REGAE frequencies.
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The amplitudes of the optical pulses after splitting has been assumed to be equal,
hence no splitting ratio error induced amplitude modulation is observed.

The optical delay has been chosen according to equation (3.11) where Ty = Trep /8
for k = 4. It is also assumed that no RF signal is applied to the MZM. In
figure 3.12, several frequency comb lines are extinct from the frequency spectrum
as expected. The first one of them is the 4th harmonic of the laser repetition rate
at froqa = 333.1 MHz which is the most convenient for detection considerations.
Table 3.1 lists the m modulation frequencies coinciding with the original comb lines
when Ty = Twep /8. If the RF signal is applied to the modulator with the frequency
of fuo = 36f& while the optical pulses are perfectly aligned to the zero crossings
of the RF wave (Apgp = 0), the RF spectrum of the optical pulse train after the
MZM would remain the same as shown in figure 3.12. Once Agpgy # 0 the extinct

Table 3.1: Modulation frequencies for REGAE case.

harmonic of laser rep. rate sub-harmonic of RF freq. Mod. freq. f5 .4

4 9 333.1 MHz
12 3 999.3 MHz
36 1 2997.9 MHz
10 T T T T T T T T T T T T T T
food = 4~frep =333.1 MHz envelope
or lowest modulation frequency —%— frequency comb | |

magnitude (dB)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
frequency normalized to laser repetition rate (f/frep)

Figure 3.12: Idealized amplitude modulation of the RF frequency comb for REGAE
frequencies when Aggy = 0,7y = Trep/8 = 1.501 ns.
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frequency lines from RF spectrum show up immediately in the RF spectrum as it
has been already illustrated in figure 3.10 and simulated in figure 3.13.

3.3 Mathematical Approach

In this section a mathematical analysis of the single output MZM based laser-to-RF
synchronization scheme is presented. It is a special case of the analysis which has
been carried out for dual output MZM based laser-to-RF phase detector [Lam17].
The nomenclature has been adapted accordingly.

3.3.1 Description of Optical Pulse Train and Photodetection

Since the optical pulses originating from the Ti:Sa laser oscillator are much shorter
than the period of the RF reference signal (T, < Trr), laser pulses can be
approximated as an infinite sum of time shifted Dirac delta pulses or so called the
Shah function:

Mt = S ot —bT). (3.12)

b=—00

10

frod = 4.frep =333.1 MHz envelope

or lowest modulation frequency —¥— frequency comb

10

20

magnitude (dB)

-60 .

-70 .

-80 7

-90
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

frequency normalized to laser repetition rate (f/frep)

Figure 3.13: Idealized amplitude modulation of the RF frequency comb for REGAE
frequencies when Apgrp # 0,7y = Trer /3 = 1.501 ns.
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Equation (3.12) can be employed to express an instant optical power dependency
to the pulse energy as follows:

Popt (t) = EpHITrep (t - T0)7 (313}

where the laser pulse energy is a ratio of the average optical power to the laser
repetition rate £, = P/f.., = PTiep,. Tp is a time delay of the optical pulse train.

When laser pulses are transmitted through the integrated MZM, the output
optical power can be written as follows [Lam17]:

1
Pyazm(t) = vz <2 + T‘MZM) Popt (1) (3.14)

where, popi(t) and pyzum(t) are input and output optical powers of the MZM
respectively. ayzy is its intrinsic insertion loss. ryzy is a modulation factor, it
takes into account the EO effects of the MZM and depends on several parameters:

™ v
Vi, = Vo) —
m,DC ,RF

1 . ~ .
™ZM — 5 Sin < VRF SlH(AQORF)> . (315)

Here, V; pc and V, gp are the half-wave voltages for DC and RF signals inducing

a phase shift of 7 due to the Pockels effect. V; and VRF are the effective DC bias
and RF voltages applied to the MZM. Apgrr denotes the relative phase difference
between the RF reference signal and the laser pulse train.

One can use equations (3.14) and (3.15) to deduce the analytical expressions for
delayed and non-delayed optical pulses after passing through the integrated MZM
while DC bias and RF voltages are applied. For convenience, [Lam17] suggests
few assumptions which result in a simplified version of equation (3.15) for both
the delayed and non-delayed laser pulses.

First, one can assume that the half-wave voltages for both RF and DC signals
are equal V. gpp = V; pc = V. It can be also assumed that the applied DC bias
voltage is fixed and only small variations around working point take place, hence,
one can substitute Vi, = V) + Al4.

Additionally, the optical pulses undergoing the free space optical delay line with
time delay of T;, will have the following relative phase relationship with respect to
the RF reference:

Agpprp = Apgp + 27 frp T (3.16)

Considering all the assumptions and related simplifications, equation (3.15) can
be rewritten for non-delayed and delayed laser pulses as follows:

1 . IN .
™MzZM,1 = 2 S (@n(A% — Vrr Sln(ASORF))) ) (3-173)
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1. ~ .
TMZM,Z = 5 S111 (GW(A% — VRF Sln(A(,DRF + 27TfRFTO))> y (317b>

where, ryizy 1 and ryzy o denote the modulation factors for the first pulse train
and second delayed pulse train respectively. ©, = 7/v, is the normalized inverse
half-wave voltage. Equation (3.14) can be rewritten for delayed and non-delayed
pulse trains using equations (3.17a) and (3.17b) as follows:

1 1

vz (t) = anzm (2 + ATS> (2 + TMZM,l) Popt (1), (3.18a)
1 1

Puza2(t) = anzm (2 - ATs> <2 + T’MZM,z) Popt (1)- (3.18b)

Here, additional parameter Arg has been introduced which takes into account the
splitting ratio errors and is defined as:

1
ry = 5 + ATS, (319)

where, 7y is a real splitting ratio and it does not always have a value of 1/2.

The delayed and non-delayed optical pulse trains after the MZM can be detected
using a 50 Q loaded gallium arsenide (GaAs) photodiode. The generated time
varying voltages after the photodiode can be expressed as [Lam17]:

1 1
vpp1(t) = Vep (2 + Ars) (2 + TMZM,1>TrepIHTrep (t), (3.20a)
1 1
vpp2(t) = Vep 5~ Arg 5 T ruzue Teply, (¢ —Tp). (3.20b)

In both equations (3.20a) and (3.20b), p,p(t) has been substituted with equa-
tion (3.13). Vpp is the time averaged voltage of the photodiode which can be
expressed as,

Vpp = aMZMRPDRSORn%‘ (3'21>

In equation (3.21), Rpp and Ry, are the responsivity and the load resistance
of the photodiode respectively, P, is the time averaged optical power. 7, is the
mean coupling efficiency from free space to the fiber collimator of both optical
pulse trains. It can be shown that the mean coupling efficiency has a relation to
the individual coupling efficiencies n;, 7, of the delayed and the non-delayed pulse
trains and is given by [Lam17].

2

N = 2 :
=+ 12

(3.22)
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The coupling efficiency of the delayed versus the non-delayed optical pulses
differ due to the fact that the delayed pulses propagate over a longer distance than
the non-delayed pulses, hence both pulse trains have different optical properties
(divergence, beam diameter) leading to different coupling efficiencies into the input
fiber of the MZM. The discrepancies get smaller for shorter free space delay lines.
However, the length of the optical delay line is fixed and as it has been already
discussed, merely defined by the laser oscillator repetition rate and frequency of
the RF reference.

To conclude, the time domain pulse trains have been described mathematically,
both in the optical as well as the electrical domain. The next step is to use these
equations to derive the amplitude modulation phenomena in the frequency domain
and to investigate its dependencies on different error terms of physical parameters
by analyzing the envelopes of the corresponding power spectral densities (PSDs).

3.3.2 Power Spectral Density and Spectral Envelope

In general, the power spectral density (PSD) is defined by the Fourier transform
of the autocorrelation function [Pap62] and is also well known as the Wiener-
Khinchine theorem [Jam11] which reads as follows:

Sz = F{Rau(t)}(f), (3.23)

where, R,.(t) is an autocorrelation function of an arbitrary periodic function
x(t). To obtain a PSD of the periodic function such as the II(¢) function, first
one has to derive the autocorrelation function and then obtain a PSD by Fourier
transformation. This procedure has been carried out in [Lam17] for the case of four
individual optical pulse trains generating voltage signals via a photodiode. This
result will be adapted for the two optical pulse trains based on equations (3.20a)
and (3.20b) which is the case for the single output MZM based laser-to-RF phase
detector at REGAE whereafter corresponding normalized spectral envelope will

be calculated:
Vi 1 1
Vv ;DE)O ((2 i ATS) <2 " TMZMJ) i

1 1 —i2m
(5 (5 s m)

By omitting the III function in equation (3.26) and normalizing the obtained
expression with average power per unit bandwidth after the photodiode, one can

S’U’U(f) =

2

My () (3:24)
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obtain a normalized absolute spectral envelope of the PSD as follows,

1 1
Habs(h> = | ((2 + Ars) (2 + TMZMJ) +
1 1 —i27
—|—<2 - Am) (2 + T’MZM,2>e 2 hfrePTO)

where, h is the frequency normalized by the laser repetition rate, h = f/f,.,. The
average power from the photodiode normalized to 1 Hz BW can be written using
equation (3.21) as,

2

(3.25)

oV
PD,Hz = R50 . 1HZ
By substituting the equations (3.17a) and (3.17b) into equations (3.24) and (3.25),
one obtains the analytical expressions for both the PSD and its corresponding
normalized spectral envelope. This gives the opportunity to conduct the var-

ious mathematical analysis in order to achieve a better understanding for the
dependencies on different error sources.

(3.26)

Nominal working point

Here, only the ideal case is considered when all error terms are infinitesimally
small or simply equal to zero. In that case, ryzv1 = ruzme = 0 since all the
arguments of the sin function are zero or multiples of 27. Thus, the equation
(3.25) simplifies to:

(3.27)

When all error terms are zero, the envelope function follows the square of a cosine
function. It is possible to derive the analytical expression for each error term
such as splitting ratio, relative phase, bias voltage or time delay error terms and
show how the PSD and corresponding spectral envelope is affected by these errors.
Here, the analytical verification is presented for all four cases in contrast to the
ideal/nominal case.
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Relative phase deviations (Aprp # 0)

In this analysis, all the error terms are zero except the relative phase deviates
from zero, Aprp # 0. The analytical expression describing the spectral envelope
is given by,

1

1 [1 — sin (@WVRF sin(Angp))

2
+ <1 — sin (@WVRF sin (A@RF + T)))e_iﬂf]

1 7h i mh :
=3 [COSQ (8) + (1 — sin? (8) cos (7? SlH(A@RF)>>].

The first term of equation (3.28) shows the nominal operation point. The second
term of equation (3.28) is the contribution due to the relative phase deviations
between the RF reference signal and the optical pulse train and it vanishes for
Aprr — 0 (see equation (3.29)):

HA‘PRF (h) =

(3.28)

1
Hoapge (h =4, Appp < 1) = 1767T2AS012)‘F ~ 0. (3.29)

The impact of Apgry deviations is graphically illustrated in figure 3.14. For small
relative phase deviations, the amplitude of the modulated frequency line h = 4
gets also smaller and eventually the full destructive interference takes place. The
frequency comb lines have been omitted in figure 3.14.

Splitting ratio error dependency (Arg # 0)

Here the splitting ratio error term Arg will be considered, while all other error
terms are assumed to be zero. Hence, the expression for the spectral envelope
with splitting ratio error term can be written as:

1/1 1/1 . xh

—=+A —l=-=A iy

2<2+ rs>+2<2 rs>e 4
1 h h

=1 cos’ (2) + Ar? sin? (2)

In equation (3.30) the first term shows the nominal working point when all error
terms are zero except for Ar,. The second term in equation (3.30) describes
the splitting ratio error dependency. The graphical illustration of the spectral
envelope and the corresponding amplitude modulated frequency comb is depicted

2

HAr (h> =

S

(3.30)

62



3.3 Mathematical Approach

1 0 T T T T T T T

envelope - Apgr = 0 rad
envelope - Aprrp = 0.02 rad
envelope - Apgrr = 0.04 rad

LA
o o

&
S

magnitude (dB)

_60 1 1 1 1 1 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

frequency normalized to laser repetition rate (h)

Figure 3.14: Amplitude modulation of the spectral envelope for REGAE frequencies based
on equation (3.28).

in figure 3.15 in comparison with the ideal working point. From figure 3.15, the
frequency components which initially experienced the full extinction occurs when
the splitting ratio error term is nonzero Arg # 0. This effect is very important
since the concept of the MZM based laser-to-RF synchronization setup relies on the
amplitude detection of the lowest modulation frequency line in the RF spectrum.
Hence, the splitting ratio error term needs to be minimized and kept constant
to avoid to contribute to the amplitude modulation. For Ary — 0 the second
term in equation (3.30) approaches to zero and equation (3.30) reduces to nominal
working point (see equation (3.31)):

Har (h =4, Ary < 1) = Ard ~ 0. (3.31)

Delay line error dependency (AT, # 0)

Before presenting an analytical expression of the delay line error term, first one
has to redefine the time delay caused by the optical delay line as follows,

1

Ty=——
‘ 8frep

+ AT, (3.32)
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Figure 3.15: Amplitude modulation of RF comb for REGAE frequencies based on equa-
tion (3.30) SR = 0.005.

The equation of the spectral envelope for the time delay error term is presented in
equation (3.33). The expression may look sophisticated but a simplified version
is summarized in the last two lines of it. Equation (3.33), consists of a sum of
two terms. The first term which is a squared cosine has a modified argument
compared to equations (3.27), (3.28) and (3.30). It includes an additional term
which depends on a ATj. In principle, one would have expected such a dependency
since the absolute value of T{, defines the modulation frequencies. The second term
of the equation gives an additional offset and further deviates the spectral envelope
from the nominal case. For ATy = 0 the second term of the equation (3.33)
becomes zero and the whole expression reduces to the idealized case, presented in
equation (3.27):
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HATO(h) = 4 4

1 1 N
Z 4 [1 + sin <@WVRF sin <7T4h + 27rhfrepAT0>>

2
) ei<T+2whfrepATO)]

(3.33)

4 4

. {4 cos? <7r8h + 367rhfmpAT0> + sin (72r sin (727rfmpAT0)) H )

In figure 3.16 the evolution of spectral envelope is shown for different values of
AT,. The modulation frequency changes with the time delay change. At higher
harmonics of the laser repetition rate the effect caused by the delay error term
gets more dramatic, which is due to the fact, that it induces a larger phase shift
for the same delay error than for lower frequency components. As ATy — 0 the
envelope curve approaches its nominal shape.

1 1
== lcos2 <7T8h + threpAT()) + —sin <72T sin (727TfrepAT0>>

Har, (h =4, AT, frop < 1) = dn° [, AT (3.34)

Bias error dependency (AV} # 0)

The last error term for discussion is the bias voltage error AV;. Typically, the bias
voltage applied to the MZM is set to achieve 50 % optical transmission, but because
of DC bias drift effects the effective bias voltage changes over time. Therefore,
it is interesting to understand how does this type of drift affects the PSD of the
frequency comb and the corresponding spectral envelope. In this case, only the
bias voltage error term AV}, is present while the other error terms are set to zero.
Thus, one obtains the following expression for the spectral envelope presented in

equation (3.35):
. 2
“(1asin( Ay | [1+e7F )| =
1 7
(3.35)

Lot (Y (145 (Zan))
=708 | 3 sin TR

Based on equation (3.35), spectral envelope evolution can be assessed both analyt-
ically and graphically. From the latter, it is clear that for AV}, = 0, equation (3.35)

Hav, (h) =
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Figure 3.16: Amplitude modulation of the spectral envelope for REGAE frequencies based
on equation (3.33).

reduces to equation (3.27), otherwise the error term acts as a scaling factor for the
overall spectral envelope. The extinct modulation frequencies do not get affected
since the argument of the cosine squared term is identical compared to the nominal
value. Figure 3.17 depicts the evolution of the spectral envelope for different bias
error terms. As predicted, the amplitude modulation of the desired frequency
component does not depend on the bias drift error. However, the bias drift from
the nominal working point changes the optical transmission of the MZM leading
to a reduced sensitivity of the phase detector if significantly deviates from the
50 % transmission point. Hence, it is still desired to operate the MZM at the
quadrature point of its transfer function, as presented in figure 3.4.

In summary, all earlier made qualitative judgments have been verified by the
formal mathematical analysis of the PSD and the corresponding spectral envelope
of the optical pulses detected by the photodiode. Analytical expressions have been
obtained for all possibly occurring error terms and their influence on the spectral
envelope have been presented graphically for a better visualization.

Overall, the mathematical description of the laser pulses in both, the time and
frequency domains and their amplitude modulation characteristics come to an
excellent agreement with the previous qualitative explanation of the concept. In
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Figure 3.17: Amplitude modulation of the spectral envelope for REGAE frequencies based
on equation (3.35).

the next subsection, the concept of the amplitude detection of this modulation
using a RF mixer is presented together with the mathematical description.

3.3.3 Amplitude Detection Principle with RF Mixers

In principle, an RF mixer can be employed as an amplitude sensitive detector in
order to measure the relative phase error Apgry induced amplitude modulation of
the desired comb line. First, the desired frequency component (the lowest fully
modulated comb line) needs to be filtered out from the frequency comb. Filtering
can be applied using an RF band-pass filter. The frequency component is mixed
with a local oscillator (LO) using an RF mixer. Typically double balanced level
7 RF mixers are used. The LO port of the mixer is saturated to achieve high
conversion factor of the mixer. Generally, the mixer output signal consists of
up-converted and down-converted signals given by the cosine function with sum
and difference frequencies and phases respectively (see equation (2.1)). The sum
frequency component is filtered out using a low-pass filter. The DC signal remains
since LO and RF signals have the equal frequencies. It is also called baseband
signal.
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In order to operate the mixer in an amplitude sensitive mode, the relative phase
between the RF input signal (modulated signal) and the LO signal should be
an integer multiple of . Hence the following condition needs to be fulfilled:
Ymix = | - m, where, | € Z. The schematics of some of the main electronic and
photonic components of the basic RF mixer based amplitude detector is presented
in figure 3.18.

Some of the optical components such as the integrated MZM and fiber collimators
introduce optical losses. These losses have been taken into account in the mathe-
matical analysis presented earlier in this section (see equation (3.21)). Next we
include in the analysis the chain of RF components attached to the photodiode.

The RF BPF introduces insertion loss ay,, and equation (3.20) reads [Lam17]:

1 1
Vpp,1(t) = 2ap,,Vpp (5 + Ars> (5 + TMZMJ) cos(2mh frept) (3.36a)

1 1
pr,Z(t) = QCprVPD (5 — ATS> (5 + TMZM,Q) COS(27Thfrept — To) (336b)

Low noise RF amplifiers are needed to boost the small RF signal from the PD
before feeding the signal into the RF mixer. The linear voltage gain factor of the
RF amplifier is denoted by agrp. Typically, RF mixers are operated in saturation
mode [Rub09]. The low-pass filtered output voltage after the mixer can be written
as,

A,

Vmix = amix‘/signal COS((psignal - SOLO)J (337)
M AM )
Optical Vbias
T [ w
‘ ‘ ‘ PD BPF  amplifier ~ mixer
: N . ’ LO signal
BS output =
“ case/GND 50 Q LPF
load resistor
low noise
amplifier
GND

Figure 3.18: Schematics of basic amplitude sensitive phase error readout.
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with, a,,; the conversion loss factor of the mixer. \A/ggnal and ggnal are the peak
voltage and phase of the filtered RF input signal. ;o is a phase of the LO signal.
Using the equations (3.36a), (3.36b) and (3.37), one can individually treat each
RF signal generated by the delayed and non-delayed optical pulse trains impinging
onto the PD, further filtered, amplified and down-mixed with LO signal. As long
as the RF signals are small and no non-linear effects are expected (e.g. saturation
of amplifier) both signals can be superimposed [Lam17].

1 1 A
Voum = (2 + ATS> (2 + TMZM,1>VCOS(SOLO + Apro)

1 1 (3.38)
i <2 B AT‘S> <2 t TMZM72> Vicos(2mh frepTo — (Lo + Avro))-
Where V is a peak voltage at the output of the mixer:
V= bp UmixGRFALNA VPD (3.39)

= R5oRPDPinaMZMabpaRFamixaLNAnm-

The additional gain term ajya in equation (3.39) is the amplification factor of
low-noise baseband amplifier (LNA). In equation (3.38), ryzy1 and ryzy o are
the modulation factors and described in equations (3.17a) and (3.17b). As one can
see from the equation (3.38), an additional error term has been introduced for LO
signal. Typically, phase error term Ay of the LO signal can be assumed to be
negligible, since the mixer will be operated on-crest of its transfer function, where
small phase variations can be neglected. For convenience, ;o can be assumed to
be zero while the Ayyg will be kept throughout the tolerance study.

3.3.4 Sensitivity of the Detector

Here, the analysis of the equation (3.38) will be carried out in a similar fashion
to the earlier described mathematical analysis for the PSD and corresponding
spectral envelope. The contribution of each individual error term in equation (3.38)
will be analyzed.

First, when all error terms are infinitesimally small such that they can be neglected,
the amplitude modulation of the optical pulses does not take place, full destructive
interference occurs, leading to the zero magnitude signal levels at the modulation
frequencies (see equations (3.27) and (3.30)). Thus, at the output of the mixer,
no signal is observed besides the residual electronic noise. Therefore, in the ideal
working point all error terms are equal to zero except the relative phase between
the RF reference and the laser oscillator pulse train (Agpgp # 0). In that case, the
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mixer output signal represents the relative timing error induced response of the
phase detector only. This signal is provided to the controller for locking the laser
to the RF reference. The voltage signal at the nominal working point of the MZM
is:
om V. -

VA‘PRF = —5 Sin <@ﬂVRF SIII(AQORF)). (340)
Equation (3.40) shows that the MZM transfer function is imprinted on the down-
mixed voltage signal. In figure 3.19, the normalized voltage signal at the mixer
output is plotted as a function of relative phase Apgrp between laser pulse train
and RF reference signal for different applied RF reference signal voltages at the
MZM input.
The higher the applied RF voltage gets, the steeper the linear part of the curve
becomes at the zero crossing. After voltage value above ~ 0.5V the slope of the
linear part of the curve does not change linearly with Vzp. This non-linearities
are caused by the fact that the applied RF signal voltage exceeds the linear part
of the MZM transfer function (see figure 3.4) and modulates the nonlinear parts

r Var = 0.25 - V. i
T 08F Verp =0.5-V, _
I Vir = 0.75 - Vi
g«* 06 Var = Vi .

©
~
T
1

o
N
T

1

working point i

Normalized mixer output voltage

0 1 2 3 4 5 6 7
Phase error Apgp (rad)

Figure 3.19: Evolution of output voltage from the mixer for nominal working point of the
MZM based phase detector according to equation (3.40).
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of the cosine function. The slope at the working point defines the sensitivity of
the phase detector. The derivative of the equation (3.40) with respect to Aggp
would result a sensitivity coefficient of the phase detector K, vizum:

o ovam
PN I(Apgr)

= —Z@WVRF cos(Apgy) cos (GﬂVRF Sin(ASORF))-

(3.41)

The linearization of the equations (3.40) and (3.41) is preferred for analyzing the
dependencies of the output voltage and detector sensitivity on different physical
parameters. After the linearization using the small angle approximations: sin(d) =
J, cos(d) = 1, one can obtain the simplified expressions for equations (3.40)
and (3.41) as follows,

A

~ V ~

Vagry = _§@7rVRFA90RF7 (3.42a)
. V.
Kgp,MZM = —E@WVRF. (342b)

From the linearized equations (3.42a) and (3.42b) one sees that the output

voltage after the mixer is directly proportional to the relative phase error between
the RF reference and laser oscillator pulse train. Additionally, the sensitivity of
the phase detector can be improved by increasing the applied RF signal and input
optical power since the V' o P, (see equation (3.39)).
Using equation (3.42b), one can convert voltage values obtained by the general
equation (3.38) to phase information, namely in units of radians by taking the
ratio of equations (3.38) and (3.42b). The radians can be further converted to
units of s using following expression,

‘Zum/}?w,MZM
27 fre

This allows to analytically investigate the timing contributions for different error
terms and study corresponding tolerances.

3.3.5 Tolerance Study

First, based on equation (3.38), the analytical expression of the output voltage
will be given for each error term. The linearization of the obtained expression will
be executed to simplify the obtained equations which will lead to the first order
timing error information by the help of equation (3.43). From previous section, the
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mathematical analysis of PSD and corresponding spectral envelope suggested that
the splitting ratio error term directly shows up in the modulation frequency (see
equation (3.30)). Hence the examination of splitting ratio error with the output
voltage will be carried out. Equation (3.44) shows the output voltage due to the
splitting ratio error Arg while all other error terms are zero. It is clear from the
equation (3.44) and as one may have expected from the previous spectral envelope
analysis, the mixer output voltage is directly proportional to the splitting ratio
error term while remaining of the error terms are not contributing in the general
output voltage equation:

Var, = VA, (3.44)
By employing the equation (3.43), one may obtain an analytical expression for

the timing error due to the splitting ratio mismatch as follows,

VATS/R%MZM
27 frr

By substituting K. oMz D equation (3.45) with the equation (3.42b) one obtains
the simplified equation for the timing error,

Atyizagar, = (3.45)

V. 1
VRF 7T2fRF.
In order to evaluate the effect of the splitting ratio error term in units of
time, one has to plug the realistic numbers for the V_, Vyr and frp into the
equation (3.46). Typical half-wave voltage of the used MZM V, ~ 2V, the RF

reference of frp = 2.998 GHz has a peak voltage of VRF ~ 3.16 V for a 20dBm
RF power in a 50 Q system. One finds from equation (3.47):

Aty ar, = —Arg - (3.46)

AtMZM,ArS ~ —214 ps - ATS. (347)

It is obvious from the equation (3.47) that the splitting ratio error term must
be in the order of Ar, = 10~* to achieve the < 10fs residual timing error which is
originated solely from the splitting ratio mismatch changes between the delayed
and non-delayed optical pulses. This measure includes the fiber collimator coupling
efficiencies for both optical pulses.

In the previous section, the analysis of the PSD and corresponding spectral
envelope equations (see figure 3.17 and equation (3.35)), showed that the MZM
DC bias voltage error term AV}, does not introduce a relative amplitude mismatch
of the optical pulses, hence the amplitude of the modulation frequency stays
unaltered from its nominal value. The mixer output voltage examination confirms
this behavior, leading to zero voltage deviation from the nominal voltage value
due to the bias voltage error term while the rest of the error terms are neglected.
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The last error term for the discussion is a delay line error ATj, and corresponding
output voltage after the mixer:

Vaz, = —(1 — cos(87 frepATp) (1 + sin(0, Vip sin (27 frp ATy)))).- (3.48)

N

The linearization of equation (3.48) will result in:

A

~ V ~
VATO = _EGKVRFWfRFATO' (349)

Similar to equation (3.45) one may convert the delay line error induced voltage
Vay, to timing error Atyizy Ay, as follows,

‘7ATO/I~(<,¢,MZM
2 frr

substituting the equations (3.42b) and (3.49) into equation (3.50), one obtains the
simplified relation between the timing error and delay line error term as follows,
ATy

5

Atymzmat, = (3.50)

Aty at, = (3.51)
Equation (3.51) shows that the resulted timing error due to the delay line deviation
from its nominal value is a half of the delay line error. This relationship suggests
to keep an optical delay line length variations on a sub-pm level in order to achieve
sub-10 fs timing performance.

In conclusion, it has been shown mathematically that the performance of the
advanced MZM based laser-to-RF phase detector significantly depends on the
splitting ratio and delay line error terms, whereas DC bias voltage drift and LO
phase error is a subject of less importance. In addition, phase detector sensitivity
has been evaluated and some of the critical parameters have been identified defining
its measure of sensitivity.

3.4 Experimental Implementation

In this section, the experimental implementation and realization of the single
output MZM based laser-to-RF synchronization setup at 800 nm will be presented.
Some of the main sub-systems such as the free space and fiber optics setups
together with the amplitude sensitive RF mixer based readout electronics will be
discussed. In addition, the local distribution of the RF reference provided by the
RF MO to in-loop and out-of-loop phase detectors will be shown.
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3.4.1 Optical Setup

A detailed schematics and a photo of the free space optics for the advanced MZM
based synchronization setup are shown in figures 3.20 and 3.21. The main purpose
of this relatively sophisticated free space optics arrangement is to deliver delayed
and non-delayed optical pulses on opposite zero crossings of the RF reference via
the fiber coupled integrated MZM.

It starts with the free space laser beam tapped off from the Ti:Sa laser oscillator.
The beam is routed using a set of mirrors (R1, R2) to the single mode fiber (SMF)
coupled collimator, which is connectorized to the second SMF collimator (input
collimator) using a high precision fiber mating sleeve. This is needed to maintain
the laser beam parameters such as beam diameter and divergence matched to the
last polarization maintaining (PM) fiber coupled collimator where the recombined
(delayed and non-delayed) pulses are guided to the integrated MZM. After the
input collimator, the state of polarization of the light is undefined meaning that
it can be circular, elliptical or linear since it undergoes the non-PM fiber. For
that reason, quarter-wave plate (QWP) is employed right after the collimator in
order to convert it to linearly polarized light if required. The QWP is followed by
the set of a half-wave plate (HWP) and a polarizing beamsplitter cube (PBS)1 in
order to split part of the initial optical power (=~ 200 pW) for LO signal generation
using the photodiode. Another set of HWP and PBS2 is used to tap off a little
fraction of the optical light about 100 uW to monitor potential optical power

output S; I ]
5 I NAS additional
U & diagnostics
N2
LO generation PBS4 Eﬂ --------- % !

" I D e G S eEEssEsEsEsEss
e __].____—¢ O) i[ __________ .
CCRR PBS3
{ o) b
N n07.." . A ‘
input Ul U M2_ .. %
p N4 N2 PBS1 N2 PBS2 optical power
e monitoring RF & DC input 1] €ase/GND
R2 lTowards the photodiode
I P<------mmm--- X & amplitude readout electronics
Towards the photodiode & :
LO generation electronics . 800 nm laser pulses from
R1 the Ti:Sa laser oscillator

Figure 3.20: Detailed schematics of the optical delay line realization and corresponding
components.
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Figure 3.21: Photo of the optical setup installed at REGAE injector laser.

change. The reflected part of the beam at PBS2 is split using a HWP at PBS3.
This time ideally, the beam splitting is done with the ratio of 50/50 because at
this point the reflected part of the split beam undergoes the free space optical
delay line with a period of Tj, constructed by a pair of corner cube retroreflectors
and gets recombined with the same PBS3 which is used for splitting. After the
recombination, the polarization states of delayed and non-delayed optical pulses
are orthogonal with respect to each other. The polarization states of both delayed
and non-delayed optical pulses need to be collinear because eventually both pulse
trains need to be aligned to the same principle axis of the PM fiber attached to
the MZM. The orthogonal polarization states can be transformed to be collinear
by employing a HWP and a PBS4 and rotating the HWP optical axis to 45° with
respect to its principal axes. In that case, half of the optical power gets transmitted
via the PBS4 while the other half gets reflected. Therefore, the effective usable
optical power of the combined pulse trains with the collinear polarization states
amounts to the half of the initial optical power. The recombined optical pulses
transmitted through the PBS4 with collinear polarization states are further guided
to the last PM fiber coupled collimator which is connected to the input PM fiber
of the integrated MZM. There is a HWP between the last guiding mirror and the
PM fiber collimator. It is used for rotating the polarization state of the linearly
polarized recombined optical pulses such that they align with the slow axis of the
PM fiber, because initially, its axis has an arbitrary orientation with respect to
the incoming optical pulses. It is worth mentioning that the coupling efficiency
of the delayed versus non-delayed optical pulses into the fiber collimator differ.
This is due to the fact that the delayed laser beam via the optical delay line gets
more divergent propagating over longer distance. Thus, the laser beam with less
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divergence experiences higher coupling efficiency in the fiber. Once the recombined
laser pulses with the relative time period of T{, undergoes the MZM, as it has been
mentioned earlier, the optical power level reduces due to the intrinsic insertion loss
of the modulator. This loss factor typically amounts to 4 dB to 8 dB depending
on the modulator. Besides the MZM insertion loss, the optimum working point of
the modulator according to its transfer function (see figure 3.4 and equation (3.7))
additionally reduces the optical power by a factor of two. Overall, if one neglects
the losses introduced by the free space optical elements and takes into account
unavoidable major losses due to: polarization state alignment, collimator coupling
efficiency, intrinsic insertion loss of the MZM and its quadrature working point,
the usable optical power will amount approximately 3% to 4 % of initial optical
power entering the setup.

It is worth mentioning that the entire arrangement of the opto-mechanics has
been carried out with a fully engineered aluminum baseplate. This baseplate has
been designed for the Laser-to-RF phase detector that will be implemented at
FLASH and European XFEL [Lam17].

In order to minimize the timing drifts initiated from the components which are
susceptible to temperature and humidity changes (MZM, optical fibers, length of
the optical delay line, etc.), the temperature is actively controlled with Peltier
elements of the baseplate and humidity is passively controlled by implementing a
sealed surrounding housing with about 250 g of special type of silica gel (PROSorb
[E ProS]) mounted on the inner side of the cover of the housing.

3.4.2 Readout Electronics

Once the optical pulses are modulated using a 2.998 GHz RF reference signal via
the MZM, the amplitude readout of the modulated pulses needs to be carried out.
For that reason RF mixer based amplitude detector has been employed as it has
been discussed in the previous section (section 3.3.3).
In figures 3.22 and 3.23 a detailed schematic and corresponding photo of the RF
frequency mixer based amplitude readout electronics are presented. It consist of
two arms of the RF signals. The first RF signal is generated by impinging the
amplitude modulated optical pulses on a GaAs PD. The generated frequency
comb after the PD is filtered using a 333.1 MHz center frequency BPF. This
frequency component is the lowest modulation frequency comb line, which is
the 4th harmonic of the Ti:Sa laser oscillator repetition rate fi,oq = 4fiep- The
bandpass filtered signal is amplified by a series of RF amplifiers with a total gain
of ~ 60dB. In addition, isolation of RF mixer is limited, thus it is designed to
have strong enough RF signal provided to the signal port of the RF mixer. The
amplification increases the sensitivity of the detector which is a very important
advantage when employing the phase detector in phase-locked loop (PLL).

The second signal is a LO signal generated by the unmodulated laser pulses
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Figure 3.22: Detailed schematics of the amplitude modulation readout electronics and
corresponding components.

tapped off from the initial laser pulse train (see figure 3.20). The exact same GaAs
PD that is used for the modulated laser pulses has been used in order to obtain
the frequency comb. The same frequency component 333.1 MHz has been filtered
out and is further amplified in the same way as it was described earlier. Since,
the amplitude of the 4th harmonic of the frequency comb is unmodulated, after
the amplification, it reaches the amplitude level approximately 7 dBm sufficient to
saturate the Level 7 RF mixer. According to Rubiola et.al. the LO port needs
to be saturated by a sinusoidal signal in order for the mixer to operate in linear
mode [Rub09]. Additionally, the saturated mixer becomes less influenced by the
small optical power variations. Depending on the relative phase difference between
the RF and LO signals, the mixer can be used either as a phase or an amplitude
detector. For that reason a mechanical phase shifter is inserted in the LO signal
chain, in order to change the phase of the LO signal such that the mixer is operated
as an amplitude sensitive detector.

From figure 3.22 one may notice that additional BPFs are used for both signals
before connecting them to the mixer RF and LO port respectively. The reason
for that is the following: the first set of BPFs have limited suppression factor
for frequency components outside the stop band frequencies, therefore after the
amplification, some of the frequency comb lines start to show up in the RF spectrum
which needs to be additionally suppressed. Otherwise, unwanted frequency comb
lines would result in baseband signals after the mixer that may corrupt the genuine
333.1 MHz down-mixed signals or cause a distortion of the mixer transfer function.
The output intermediate frequency (IF) port of the RF mixer is connected to the
~ 2 MHz low-pass filter (LPF) which filters the up-converted frequency component
of the mixer output product. Typically, the baseband LNA is used to boost the
down-converted baseband signal to get a reasonable sensitivity of the detector.
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Figure 3.23: Photo of the readout electronics setup installed at REGAE injector laser.

All RF components are mounted on a engineered aluminum plate to achieve good
thermal conductivity since some of the RF amplifiers are producing a heat which
needs to be dissipated.

3.4.3 Theoretical Limits of the Detector Noise Floor

The fundamental phenomena which define the noise floor of the readout electronics
are thermal noise and shot noise of the photodiode. Thermal noise is governed
by the Johnson-Nyquist noise of the photodiode 50 Q load resistor and can be
expressed as root mean square (rms) voltage spectral density in 1 Hz bandwidth
as follows [Joh28]:

‘_/Th = ”4kBTabSR50 in units Of (V/\/ﬁZ), (352)

here, kg is a Boltzmann’s constant while Rs, and T}, are the load resistor and
corresponding absolute temperature.

The rms shot voltage noise of the photodiode occurs due to the random nature
of the photons entering the active area of the photodiode and can be written for
1 Hz bandwidth as follows,

Vi, = Ig, - Rsp,  in units of (V/\/ﬁz>, with Ig, = 2e(In + 14). (3.53)
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Where, I, is a shot noise current spectral density in units of A / VHz, I, and
14 are photocurrent and dark current of the photodiode respectively.

Van = \/QG(RPDP + 1) - Rsp, in units of (V/\/ﬁz) (3.54)

Rpp is a responsivity of the photodiode and P is an average optical power
incident on a photodiode. Using equations (3.52) to (3.54) one can calculate the
total voltage noise after the PD. It is valid to assume that the two noise sources
are uncorrelated hence the following expression holds true,

Vios = \/ Van + V&, in units of (V/\/ﬁz) (3.55)
For 50 Q load resistor at absolute temperature of 300 K, the thermal voltage noise
in 1Hz bandwidth is Vg, = 9.1 x 107 V/\/ﬁz. For the shot noise assessment,
photocurrent is calculated where responsivity of the GaAs photodiode (EOT4000F)
is 0.34 AW ™! and an average optical power of 100 pW is incident on a photodiode.
Thus, I, = 34pA. The dark current of this particular photodiode has been
obtained from the datasheet (see [8 ET4k]): I3 = 0.5nA which is more that 4
orders of magnitude smaller than the photocurrent. Therefore the contribution
from the dark current can be neglected. Finally, the shot voltage noise of the 50 Q
loaded photodiode in 1Hz bandwidth is: Vi, = 1.65 x 107'°V/v/Hz. According

to equation (3.55), the total voltage noise amounts: Vi, = 9.25 x 10717 V/\/ﬁz,
where the dominant part is the thermal noise of the 50 Q load resistor.

One can calculate the total voltage noise level at the output of the RF mixer. In
that case several gain and loss factors of RF electronics (amplifiers, filters, mixer)
need to be taken into account. This issue will be addressed in the next chapter
and theoretically calculated noise values will be compared to the experimentally
measured voltage noise values.

3.4.4 Local Distribution of the RF Reference and Optical Pulses

So far, the major building blocks such as free space optical setup and amplitude
readout electronics of the advanced MZM based phase detector have been presented.
Another important part of the setup is a local distribution of the RF reference
from the MO and optical pulses from the Ti:Sa laser oscillator, in order to provide
a common mode reference signal and optical pulses to two MZM based phase
detectors. Two MZM based laser-to-RF phase detectors are needed to measure and
investigate the residual timing drift and jitter, relative to each other by means of
in-loop and out-of-loop phase detectors. In addition two sets of laser-to-RF phase
detectors will be used to study timing drifts by means of linear correlations while
the laser oscillator is locked to the RF reference using a down converter (DWC)
based synchronization setup (see figure 2.4) and amplitude-to-phase modulation
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(AM-PM) effects of MZM based laser-to-RF phase detector.

The general layout of the RF reference distribution is shown in figure 3.24. It
starts with the 3 GHz MO which is a main source of the reference signal. The
reference signal is transported via SubMiniature version A (SMA) type RF cables
up to the high gain ~ 40dB RF amplifier. The RF amplifier is needed since the
output power from the MO is limited to P. = 10 dBm which is not sufficient power
to operate two MZM based setups in parallel. After the RF amplifier two-way RF
splitter is employed for splitting the RF signal for two MZMs.

It is important to note that the timing drift of the RF cables which may take
place due to the temperature or humidity change, is a common drift up to the RF
splitter. After the splitter, mainly the length mismatch between the two RF cables
will introduce a residual timing drift between two setups. In order to minimize
this effect, the cable lengths needs to be adjusted to be equal with the highest
precision possible and special RF cables which have a very low temperature and
humidity coefficients needs to be employed [EPM190]. From figure 3.24 it is visible
that the two mechanical phase shifters are inserted between the RF inputs of
MZMs and outputs of RF splitter. The phase shifters are needed to adjust the

free space optics 50/50 free space optics /540 nm BW
engineered baseplate 2 fiber splitter engineered baseplate 1 6'%9'" pulses

<D <D

output fiber phase phase |output fiber

of MZM2 shifter 2 shifter 1 of MZM1

optics table splitter

>

high gain
RF amplifier

[ 3 GHz RF Master Oscillator ]

Figure 3.24: Local RF reference distribution for two MZM based phase detectors
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RF reference phase with respect to the delayed and non-delayed laser pulse trains
such that they arrive at zero crossings of the opposite slopes of the RF wave and
phase detector is set to its nominal working point in a way that the relative phase
error Apgrp = 0.

Another important aspect in this experiment is the delivery of the optical pulses
from the Ti:Sa laser oscillator to the optical setups of two laser-to-RF phase
detectors. Similar to RF cables optical fibers are subject to introduce temperature
and humidity influenced timing changes once optical pulses propagate through
them. Therefore, fiber lengths need to be adjusted accordingly to minimize the
environmentally influenced timing drift contributions. In figure 3.24, one can see
a free space laser beam coming from the Ti:Sa laser oscillator, which is coupled
into a SMF collimator. Once the light is guided via the fiber 50/50 fiber coupler is
employed to split the light into two paths providing optical pulses to two exact
same MZM based optical setups see figure 3.20.

To summarize, in this section, all major building blocks required to realize the ad-
vanced MZM based laser-to-RF phase detector and carry out various experimental
investigations and performance studies have been presented in great details. Some
of the critical components which require a special attention have been addressed
and appropriate measures have been taken into account.
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Chapter 4
Measurement Results

In this chapter, the main features of the Mach-Zehnder modulator (MZM) based
laser-to-radio frequency (RF) phase detector are validated experimentally. First,
the amplitude modulation of the frequency comb lines is demonstrated and the
corresponding output signal in baseband after the RF mixer is measured to validate
the mathematically predicted characteristic curve (see figure 3.19).

Timing drift correlation studies is shown, where two MZM based laser-to-RF phase
detectors are employed to measure the residual drift with respect to each other
while the laser oscillator is locked to a RF reference signal with a down converter
(DWC) based synchronization setup.

Another set of experimental data addresses the critical aspects such as timing drift
and amplitude-to-phase modulation (AM-PM) effects caused in photodiode (PD)
based direct conversion synchronization setup. For that reason, the long term
timing drift measurements together with the AM-PM coefficient determination
has been carried out using the MZM based laser-to-RF synchronization scheme as
out-of-loop detector.

Moreover, short term timing jitter performance of the laser-to-RF detector has
been evaluated together with the noise floor of the readout electronics.

4.1 Experimental Validation of Frequency Spectrum
Modulation and Detector Sensitivity

Before the full exploitation of the MZM based laser-to-RF phase detector, it is
very important to experimentally validate some of the qualitative and analytical
results that have been shown in previous chapter.

Once the free space optical delay line is setup, the delayed and non-delayed
optical pulses can be recombined and guided into the optical fiber via polarization
maintaining (PM) fiber collimator (see figure 3.20). Two pulse trains have a
relative time delay of T;y = Trep /8 and impinge on a fast gallium arsenide (GaAs) PD
generating a frequency comb. The obtained frequency comb will feature amplitude
modulation depending on a time delay between pulses assuming a 59/50 amplitude
splitting ratio of the optical pulses. With T, = Twp/s the lowest modulation
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frequency, where the frequency component is fully extinct from the frequency
comb is the 4th harmonic of the laser repetition rate fi,,q = 4frep = 333.1 MHz
(see figure 3.15).

Figure 4.1 shows the measured frequency spectrum after the photodiode using an
RF spectrum analyzer, in comparison to the theoretical prediction. The measured
frequency spectrum spans 2 GHz showing the fundamental laser repetition rate
and multiple harmonics of it. Several frequency components show significantly
low amplitude compared to others, with the lowest modulation frequency at
fmoa = 333.1 MHz.

The measured data is in a good agreement with the mathematical analysis of an
idealized case in absence of all error terms. However, in figure 4.1, one notices
that the amplitude modulated frequency components are not fully extinct, with a
remaining amplitude levels of approximately —90 dBm, which is approximately
38 dB smaller than the strongest frequency line. This can be explained by a small
splitting ratio mismatch of the two optical pulse trains. The measurement has

amplitude modulated frequency comb after EOT4000F photodiode ||
spectral envelope idealized case based on mathematical analysis

—©— spectral envelope of the amplitude modulated frequency comb

magnitude (dBm)

0 2 4 6 8 10 12 14 16 18 20
normalized frequency (h = f/frep)
Figure 4.1: Experimentally measured amplitude modulated frequency comb, corresponding
spectral envelope and spectral envelope for idealized case based on mathematical
analysis (see chapter 3).
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been carried out without applying the RF reference signal to the MZM, therefore
the relative phase error Aggyp related effects are not visible in the measured RF
spectrum.

Next the signal of the amplitude modulation for the lowest modulated frequency
comb line was investigated by employing the RF mixer setup as in figure 3.22. By
an appropriate adjustment of the RF amplifier gains and the phase of the local
oscillator (LO) signal using a mechanical phase shifter, one is able to obtain the
down-converted baseband voltage signal after the RF mixer, which is proportional
to the relative phase error Aggp between the RF reference and laser oscillator
pulse train. By applying discrete steps for Apgrp, one can map out the detector
transfer function as illustrated in figure 3.19 (see also equation (3.40)).

Figure 4.2 shows the phase detector output as a function of the relative phase
between the RF reference signal and laser pulse train Apgrp. The measurement
fully agrees with the theoretical prediction. The RF peak voltage applied to the
MZM was about 3V (20 dBm power at 50 Q) causing an optical phase shift within
the MZM to be larger than 7 (over-rotation).

The slope of the linear part of the signal in figure 4.2 defines the sensitivity of the
MZM based laser-to-RF phase detector and is the calibration constant to convert
the recorded voltage values into phase or timing units. Once the phase detector is
employed for synchronization purposes, the laser oscillator can be locked at any
zero crossings, which provides the highest sensitivity, it is linear and independent
of the amplitude of the RF.

In summary, experimental validations have been presented for two theoretically
predicted phenomena: the amplitude modulation of the frequency comb and its
synchronous detection using an RF mixer as an amplitude sensitive detector. Both
are crucial for the final implementation of the MZM based laser-to-RF phase
detector for laser synchronization purposes.

4.2 Correlation Studies

In order to investigate the long term timing drifts, a second MZM based laser-
to-RF phase detector was built. Figure 4.3 shows a detailed block diagram of
the measurement setup. The Relativistic Electron Gun for Atomic Exploration
(REGAE) titanium sapphire (Ti:Sa) laser oscillator is locked to the RF reference
signal using a DWC based phase detector (discussed in chapter 2), while the two
MZM based laser-to-RF setups are used as out-of-loop phase detectors. Ideally,
both MZM based setups should detect the same timing variations, however due to
the external environmental influences and small discrepancies in lengths of the RF
cables and optical fibers, both detectors may deviate which can be identified by
correlating the data.

Each MZM based setup was receiving 40 nm full width at half maximum (FWHM)
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Figure 4.2: Experimentally measured voltage signal as a function of relative phase error
between the laser pulse train and microwave reference while laser is unlocked.

bandwidth (BW) ~ 4.5mW average optical power after the 50/50 fiber splitter.
Bias voltage scans have been performed for both integrated MZMs and the 50 %
optical power transmission was chosen for optimal operation.

The 2.998 GHz RF signal from the master oscillator (MO) is boosted by a high
gain power amplifier and split by 3 dB two-way RF splitter. After the splitter the
RF power for each MZM was about 20 dBm, sufficient to observe the over-rotation
effect at baseband signal (similar to figure 4.2) indicating that there is enough
RF power provided to the both MZMs in order to have a high enough detector
sensitivity. The RF phase shifters were tuned accordingly to change the 2.998 GHz
RF signal phase with respect to the laser oscillator pulse train such that delayed
and non-delayed pulses sample the zero crossings of the reference RF wave. An
Agilent 34970A datalogger has been used to record the data with the sampling
rate of 0.1 Hz.

Measurement results are shown in figure 4.4. Figure 4.4 - (a) shows the timing
drift with a peak-to-peak variation of 300 fs detected by two MZM based laser-to-
RF phase detectors over 3h time period. The main sources of this timing drift
is caused by temperature and humidity susceptible components between the two
setups (DWC vs. MZM) which are indicated by red circles in figure 4.3.

In chapter 2, the humidity dependency was discussed and experimentally proven
that the RF electronics (LO module, DWC board) of the DWC based synchroniza-
tion setup has a high sensitivity to the relative humidity changes with a coefficient

of ~ 230 fs % 'RH.

86



4.2 Correlation Studies

| Laser Amplifier |
:
1
1
1
1
1
:
MN

optics table

1

1

1

free space optics 50/50 free space optics :
engineered baseplate 2 fiber splitter | engineered baseplate 1 @

<D

-

| = AN

phase phase |output fiber # > '
shifter 2 shifter 1Y of MZM1 PD BPF_RF Amp

3dB
splitter] j 36th Laser Comb
Line ~ 3GHz
3 GHz MO Motor Driver ‘_-
X high gain
RF amplifier Piezo Driver
3 GHz RF Master Oscillator
LO & Clock Generation Unit
125 MHz Clock

Figure 4.3: Measurement setup for the timing drift correlation studies of two MZM based
laser-to-RF synchronization setups.

The trend between the timing drift and the relative humidity change is shown
in figure 4.4. It is difficult to extract a precise humidity influenced timing drift
coefficient based on this measurement, since additional drift might be induced due
to the other environmental effects such as temperature and air pressure.

To extract the precise information regarding the residual timing drift of two MZM
based laser-to-RF setups, one can take the difference of the two curves from
figure 4.4 - (a). Figure 4.5 - (a) shows this correlation plot of the timing drifts
measured synchronously by the two MZM based phase detectors, while figure 4.5 -
(b) shows the difference of the synchronously measured timing drifts. Figure 4.5
- (a) shows a linear correlation of the timing drifts measured by both detectors.
Thus, no saturation effects occur and both detectors were working in their correct
operation range. Figure 4.5 - (b) shows the residual error detected between the
two phase detectors. The peak-to-peak error amounts to 30fs. The strongest
deviations appear when the phase detectors are operated with a large timing drift,
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Figure 4.4: (a) - Timing drift measured with two MZM based phase detectors while laser
is locked to the 2.998 GHz RF reference using DWC based synchronization setup. (b)
- Relative humidity change of the air in a corresponding time interval.

hence the laser pulses are not located at RF zero crossings anymore.

The residual errors can be explained by calibration curve slight deviation from a
constant slope (see figure 4.2). It is subject to change for the different sections of
the linear region introducing the small approximately sub-10 fs discrepancies. This
issue will be eliminated once one of the MZM based laser-to-RF phase detector is
employed for synchronizing the laser while the second phase detector is used as an
out-of-loop phase detector.

Based on the correlation plot figure 4.5 - (a), the root mean square (rms) timing
drift resolution of the single MZM based laser-to-RF phase detector has been
calculated which amounts to 0,¢ = 9wiamn/v/2 = 3.8 £ 0.1fs, the corresponding his-
togram together with the Gaussian fit is shown in figure 4.5 - (¢). The statistical
histogram of the timing drift difference data together with its Gaussian fit has been
constructed and is presented in figure 4.5 - (d). The rms value for the difference
timing drift data resulted ogr = 5.9 + 0.18fs.

To conclude, excellent long term timing drift resolution of < 5 fs rms of MZM based
laser-to-RF phase detector has been demonstrated experimentally. The measured
residual timing between two phase detectors showed less than 6 fs rms and about
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Figure 4.5: (a) - Linear correlation between timing drift measurement data. (b) - Difference
of timing drift measurement data from two independent MZM based laser-to-RF
phase detectors. (c) - Histogram and corresponding Gaussian fit computed based on
figure 4.5 - (a). (d) - Histogram and corresponding Gaussian fit computed based on
figure 4.5 - (b).
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30 fs peak-to-peak over 3 h time period. These results show that the MZM based
laser-to-RF phase detector is well suited for locking the Ti:Sa laser oscillator to
an RF reference signal and is capable to meet the synchronization requirements
for external injection based laser wakefield acceleration (LWFA) experiment.

4.3 Laser Synchronization Performance

In this section short and long term locking performance of the MZM based
laser-to-RF synchronization setup will be presented. Additionally, experimental
investigation of the noise floor for the readout electronics will be shown. In the
last sub-section, experimental studies on the remaining AM-PM sensitivity of the
MZM based laser-to-RF synchronization scheme are shown.

4.3.1 Short Term Locking Performance

The short term locking performance is one of the most crucial aspects of the laser
synchronization. In chapter 2 the short term locking performance for a DWC
based laser synchronization setup was discussed. Here the same methodology for
calculating the absolute and relative integrated timing jitters based on spectral
phase noise and voltage noise is used as presented in chapter 2.

The schematics of the MZM based phase-locked loop (PLL) is shown in figure 4.6.
The second MZM phase detector is used as out-of-loop detector for measuring
the relative timing jitter between the laser oscillator pulse train and RF reference
signal. Additionally, with a PD based direct conversion setup the spectral phase
noise of the laser pulse train and corresponding absolute timing jitter is determined.
In figure 4.6, the orange and blue dashed lines indicate the in-loop and out-of-loop
MZM based phase detectors respectively, while the green dashed curve shows the
direct laser-to-RF conversion setup. The in-loop detector is used to synchronize
the laser to the RF reference signal.

Initially, when the laser oscillator is not synchronized to the RF reference, the
output baseband voltage signal from the readout electronics shows a beat-note
with a frequency that is equal to the difference frequency between the 2.998 GHz
RF reference and the 36th harmonic of the laser repetition rate ~ 83.275 MHz
(similar to figure 4.2). If the PLL is closed, the laser frequency is shifted and the
beat-note vanishes. For that, the signal is fed to the analog proportional-integrator
(PI) controller, the output of the controller is further amplified by the high-voltage
piezo-electric (PZT) driver providing high-voltage signal to the PZT actuator inside
the laser oscillator cavity. The detector readout electronics is rather broadband,
limited to 1.9 MHz [ESLP] by a low-pass filter (LPF) and the BW of the low-noise
baseband amplifier (LNA). The maximum loop BW of a PLL is limited by the
PZT driver that can support up to 30 kHz analog BW only. When the laser is
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locked, the timing/phase changes of the laser with respect to the RF reference
signal is compensated by the counteraction of the PZT actuator cavity mirror.
A signal source analyzer (SSA) (Agilent E5052B) has been used for recording
the traces of both the power spectral density (PSD) of the phase noise from the
PD based direct conversion setup and the voltage spectral density (VSD) from
the second MZM based setup as a relative timing jitter measurement between the
RF reference and laser oscillator pulse train.
Figure 4.7 (a), shows the phase noise PSDs of the 2.998 GHz RF reference signal
from the REGAE MO, 2.998 GHz frequency component from the laser oscillator
frequency comb when the laser oscillator is free running (not synchronized) and
when the laser oscillator is locked to the RF reference. The corresponding integrated
timing jitter is depicted in Figure 4.7 (b) by integrating the phase noise data traces.
The free running laser absolute timing jitter amounts to more than 23.5ps in
a frequency range between 10 Hz to 1 MHz, while the absolute timing jitter of
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Figure 4.6: MZM based laser-to-RF synchronization setup together with the out-of-loop
(OOL) MZM based phase detector for short term timing diagnostics.
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less than 300 fs was measured for RF reference signal from the MO in the same
frequency interval (see figure 4.7 (b))!. The timing jitter of the laser is surprisingly
high and points to a poor opto-mechanical design or a poor modelocking state.
Especially the timing jitter of more than 60 fs with a strong peak at 2.2 kHz will
cause residual jitter and is difficult to remove. Good Ti:Sa laser system typically
have < 10fs from 1kHz to 1 MHz. By synchronizing the laser oscillator to the
RF reference signal, the timing jitter of the laser oscillator is decreased almost
by two orders of magnitude compared to the free running laser oscillator. From
the measured phase noise curve of the 2.998 GHz reference signal from the MO,
it is clearly visible that the ideal locking bandwidth of the laser oscillator to the
RF reference is around 6 kHz since beyond that frequency laser oscillator has
the similar or less noise level than RF reference. The controller was able to lock
the laser oscillator to the RF reference up to ~ 2kHz, although by increasing
the controller gain a so called waterbed effects start to show up in the spectrum
resulting in noise amplification in certain parts of the spectrum. This effect is
unavoidable if the locking bandwidth is increased. For a critical damped system
the synchronized laser oscillator would follow the free running laser oscillator up
to the locking bandwidth. But the calculations of the timing jitter showed that
it is beneficial to have a larger locking bandwidth as an expense of the so called
waterbed effect. In principle, the absolute timing jitter performance of the MO
reference signal can be factor of 2 to 3 better when the resonator is tuned properly.
The relative timing jitter between the RF reference signal from the MO and the
laser oscillator is investigated which provides more precise knowledge about the
performance of the laser-to-RF phase detector.

The relative timing jitter is examined by employing the second MZM based
laser-to-RF setup as an OOL phase detector and measuring the baseband voltage
while the laser is phase locked to the RF reference signal. Since, the out-of-loop
phase detector includes the intrinsic noise level mainly due to the thermal noise
of the 50 Q load resistor in the in the detection PD, it is reasonable to measure
the noise floor of the readout electronics beforehand by disconnecting the RF
reference signal from the MZM and only supplying the PDs with optical pulses
from the laser oscillator. Figure 4.8 (a) shows the PSD of the voltage noise of the
readout electronics for two cases: with RF reference signal applied to the MZM
and without. The corresponding integrated timing jitter curves are presented in
figure 4.8 (b).

The voltage noise has been recorded in the frequency range of 10 Hz to 10 MHz.
At ~ 1.9MHz the LPF cutoff is clearly visible in the spectrum. Beyond this
frequency no direct observation of the timing jitter is possible with the current

"Later it was discovered that the phase noise of the MO was factor of 2 to 3 higher induced by the
vibrations of the rack from the cooling units and possible electro-magnetic interference (EMI) from
the other electronic devices which were housed in the same rack.
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setup. The integrated voltage noise spectra is given in units of V| therefore the
beat-note calibration method has been used to convert the voltage noise into
timing jitter with units of s. The calculated calibration constant of the out-of-loop
phase detector resulted K, yizy = 0.43mV st

From figure 4.8 (a) the voltage noise above 40 kHz is solely governed by the noise
floor of the readout electronics since the two curves are overlaying after 40 kHz.
This effect is well reflected in figure 4.8 (b).
The calculated timing jitter resolution in the range of 100 kHz to 2 MHz results
in 25.7 fs while the total integrated timing jitter from 10 Hz to 2 MHz amounts to
29 fs. Thus, the noise floor of the detector is a limiting factor at high frequencies.
Since the loop bandwidth is small (few kHz) and significant laser timing jitter
contributions beyond 100 kHz are unlikely, the integrated timing jitter from 10 Hz
to 100 kHz is evaluated. In this frequency range, the noise floor amounts to 6.85fs,
while the out-of-loop detector measures 13.3 fs about a factor of two higher than
the noise floor with strong contributions at 12.5Hz, 50 Hz and 2.2kHz. Thus,

the laser was locked with a precision of ~ \/(13.3 fs)? — (6.85fs)? ~ 11fs to the
RF source, where the strongest degradation is at 12.5 Hz. Beyond 100 kHz the
detector resolution was not good enough to evaluate the residual laser timing jitter
contributions. The 12.5 Hz frequency line is originated from the operation of the
DESY II synchrotron. It is visible in the noise floor measurement of the readout
electronics VSD curve but does not degrade the timing resolution. However it
appears in out-of-loop VSD measurement curve when the RF reference is applied
to MZM. The magnitude of this frequency component is &~ 30dB higher than
the magnitude during the readout of the electronics noise floor measurement (see
figure 4.8 (a)).

The calculated integrated timing jitters in the frequency range of 10 Hz to 12.5 Hz
for the readout electronics noise floor versus the voltage noise measurement with
RF signal applied to MZM, amount 110 as and 3.4 fs respectively. Even though it
can be quite challenging, in principle, this effect of 12.5 Hz contribution can be fully
mitigated if one manages to decouple the influence of the DESY II synchrotron
operation from the REGAE operation, reducing the integrated timing jitter down
to attosecond scale in the first decade (10Hz to 100 Hz) of the voltage noise
measurement.

The noise floor of the MZM based laser-to-RF synchronization setup can be
decreased by increasing the input optical power level to the setup. By recalling
equations (3.39) and (3.42b), P, o< K,\zm, the MZM based phase detector
sensitivity linearly scales with the input optical power level. The optical power can
be increased up to the level where the detection photodiode saturates (=1 mW to
2mW). Currently only 100 W is impinging on the diode. Therefore, by increasing
the average optical power by factor of 3, which is feasible with the modern Ti:Sa
laser oscillators, the integrated timing jitter is reduced to below 10fs in a frequency
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Figure 4.8: Voltage noise PSDs and corresponding integrated relative timing jitters for
noise floor of the readout electronics and for locked Ti:Sa laser oscillator to 2.998 GHz
RF reference signal (out-of-loop).
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range as large as 2 MHz.

To summarize, in this subsection, the experimental demonstration of excellent
short term locking performance ~ 11 fs rms of Ti:Sa laser oscillator to 2.998 GHz
RF reference signal with novel MZM based laser synchronization setup has been
presented. Both absolute and relative out-of-loop timing jitter diagnostics have
been carried out. The PSD of phase noise measurement suggested the laser
oscillator locking BW of 2 kHz.

4.3.2 Experimental Investigation of the Detector Noise Floor

Fundamental limits of the noise sources (thermal noise, shot noise) for the readout
electronics of the MZM based laser-to-RF synchronization setup has been already
presented in chapter 3 (subsection 3.4.3). Here the experimental assessment of
these noise sources will be provided together with the measurement data.

First, based on equations (3.52), (3.53) and (3.55), thermal noise, shot noise and
resulting total noise will be calculated in 1 Hz BW. For thermal noise calculation
the temperature T,;,, = 300 K at the REGAE bunker is used, resulting in Vpy, =
9.1x107"°V/ vHz. For the shot noise voltage calculation, the PD responsivity
and the average optical power incident on the active area of the semiconductor
material needs to be assessed. The responsivity curve for the GaAs EOT4000F PD
has been obtained by interpolation of the data based on the datasheet provided
by the manufacturer [@ ET4k].

Figure 4.9 shows the responsivity of the GaAs PD as a function of the incident
light wavelength and corresponding normalized optical power spectral density.
The average responsivity of the photodiode within an optical bandwidth shown in
figure 4.9 can be numerically calculated as follows: Rpp = [ /{\1 " Rpp(A) - p(A)dA =

0.338 AW~ !, where p(A) is a normalized optical power spectral density.

A shot voltage noise of the photodiode can be calculated using the obtained average
responsivity Rpp value and the measured average optical power P, = 100 pW
incident on a PD. According to equation (3.53), one obtains a shot voltage noise

of Vi, = 1.65 x 107 V/\/ﬁz. Hence, the total voltage noise after the PD is:

Vig = Vi + Vi
— /828 x 1070 V2 H, ! 1+ 2.72 x 10720 V2 Hy ! (4.1)
—=9.25 x 107'°V/vHz.

From equation (4.1) the thermal noise of the 50 Q load resistor dominates the
total voltage noise of the PD.
Multiple passive and active RF components are followed after the PD, including
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Figure 4.9: Responsivity of the GaAs ET4000F PD as a function of light wavelength

the RF frequency mixer (see figure 3.22). All RF components need to be taken
into consideration in terms of their gain and loss factors. Typically, datasheets of
RF components are specifying the gain and loss factors in logarithmic units of
dB. Thus, it is convenient to express the total voltage noise in units of dBV Hz .
The conversion from linear units to logarithmic units in case of voltage noise can
be done as follows,

L, = 20 x log, (Vi) = —180.67dBV Hz ™! (4.2)

After having the voltage noise value converted into logarithmic unit, now it is
legitimate to apply simple addition and subtraction for gain and loss factors of
different RF components.

Table 4.1 lists the gain and loss factors of different RF components used in a
readout electronics setup of the MZM based laser-to-RF setup affecting the overall
voltage noise level.

The total gain factor including LNA reads Gyt = 79.49 dB (see table 4.1). Thus,
the voltage noise at the output of the readout electronics setup will be:

L = L, 4 Giopar = —101.18dBV Hz ™! (4.3)
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One can compare the calculated voltage noise level from equation (4.3) to the
experimentally measured VSD of the readout electronics noise floor already pre-
sented in figure 4.8 (a). Figure 4.10 (a), shows the measured VSD of the readout
electronics in comparison to the calculated voltage noise based on equations (4.1)
to (4.3) in the frequency range of 10 Hz to 10 MHz. Excellent agreement can be
observed between the two curves besides some of the frequency components which
appear in the measurement curve due to external effects such as EMI e.g. caused
by ground loops.

Due to the perfect overlap of the measured versus calculated VSDs, one can
undoubtedly conclude that the noise floor of the readout electronics for the MZM
based laser-to-RF synchronization setup is dominated by the thermal noise contri-
bution of the 50 Q load resistor in the PD.

In addition, besides the frequency lines in the measured baseband spectrum,
small discrepancies can be noticed in vicinity of 1 MHz between the measured and
calculated VSDs. These, effect can be explained by the fact that the LPFs does
not have a flat frequency response around the corner frequency (carry ripples).
Similar to figure 4.8 (b), the integrated timing jitter can be calculated for both
voltage noise curves (see figure 4.10 (a)), and is shown in figure 4.10 (b).

Figure 4.10 (b), shows the timing jitter for both measured and calculated noise
floors of the readout electronics in the frequency range of 10 Hz to 1 MHz.

The timing jitter contributions from individual decade indicates that the differ-
ence between the measured and calculated VSDs in terms of its timing jitters is
significantly small (sub-fs), besides the last decade from 100 kHz to 1 MHz, where
the LPF insertion loss ripple is observable. Here, the difference of integrated
timing jitters amount 2 fs, however the cumulative integrated timing jitter from
10 Hz to 1 MHz which is the square root from the sum of squares of timing jitters
of each individual decade results less than 2 fs.

To conclude, the noise floor investigation for the readout electronics of MZM
based laser-to-RF synchronization system has been successfully carried out. The
fundamental noise sources (thermal noise, shot noise) have been calculated and

Table 4.1: Gain and loss factors for different RF components employed in the readout
electronics setup of MZM based laser-to-RF synchronization system.

Noise figure (NF) of the first RF amplifier [@ZX60] 1.1dB
3xRF amplifier gain [1ZX60] plus 2xinsertion loss of BPFs (measured) 56.4dB
Conversion loss of the RF mixer [dZFM] a,;, (measured) —4.5dB
Gain of the baseband LNA amplifier arya (measured) 25.49dB
Loss factor of the RF attenuator —2dB
RF mixer noise folding factor [Rub06] 3dB
Total gain factor G, 79.49 dB
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their cumulative VSD and corresponding noise floor limited integrated timing
jitter have been quantitatively compared to the measured one. The timing jitter
discrepancies of less than 2 fs has been achieved indicating the excellent agreement
of calculated and measured noise sources.

The most important conclusion from this investigation is that, currently the noise
floor of the readout electronics is limited by the thermal noise of the 50 Q resistor
of the photodiode. The average optical power incident on a photodiode needs to
be increased approximately by factor of 30 to induce the shot noise equivalent to
the thermal noise (see figure 4.11). Increasing the input optical power will linearly
increase the overall sensitivity of the phase detector (high K, \z\) resulting in
proportionally smaller timing jitter contribution from the noise floor of the readout
electronics. For MZM based laser-to-RF scheme, it is important to operate the
photodiode in a linear regime. In this case, the average optical power should
not exceed 2.5 mW at bias voltage of 10 V. The dash-doted and dashed lines in
figure 4.11 indicate current (100 pW) and future (max 2.5 mW) possible operation
points of the photodiode respectively.
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Figure 4.11: Thermal noise and shot noise limited timing jitter in 1 Hz bandwidth as a
function of incident optical power on a photodiode.
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4.3.3 Long Term Locking Performance

One of the main goals for implementing the MZM based laser-to-RF synchronization
system is to ensure excellent long term timing drift stability. The same experimental
layout has been employed as for OOL voltage noise measurements presented in
figure 4.6 for investigating the timing drift between the 2.998 GHz RF reference
and the optical pulse train from the Ti:Sa laser oscillator. In figure 4.12, the
out-of-loop timing drift measurement setup using MZM based laser-to-RF phase
detector is presented.

Similar to figure 4.6, the Ti:Sa laser oscillator pulse train is locked to 2.998 GHz
RF reference signal from MO by employing the MZM based laser-to-RF phase
detector. The second phase detector has been used as an OOL detector to monitor
the baseband voltage, which is proportional to the timing variations between
the RF reference and the laser pulse train. For data acquisition, the commercial
datalogger from Agilent Inc. (Model: 34970A) was employed. Besides the output
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Figure 4.12: Schematics of long term OOL timing drift measurement setup for MZM
based laser-to-RF phase detector together with other auxiliary signals.
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voltage from the OOL timing drift characterization setup, other physical param-
eters such as average optical power, PZT driver voltage, ambient temperature
and relative humidity were synchronously monitored in order to observe possible
influences and corresponding correlations with long term timing drift. The output
baseband voltage was recorded every 10s over a time span of 43h. The calibration
constant K, \izv was determined before and after the measurement for both setups
to convert voltages into timing units. The in-loop phase detector sensitivity was
0.275mV fs ' while OOL phase detector sensitivity amounted to 0.427 mV fs™"
respectively.

Figure 4.13 shows the in-loop and OOL timing drift evolution over 43h mea-
surement period together with the other physical parameters: relative humidity,
ambient lab temperature and optical power change measured inside the laser-to-RF
phase detector optics box. The most interesting curve in figure 4.13 is the (b)
plot where the OOL timing drift is presented. The peak-to-peak OOL timing
stability resulted 31.3fs with an rms value of 7.34fs over 43h time period. It
is difficult to claim a clear correlation between the OOL timing drift and other
physical parameters shown in plots (c), (d) and (e). However, some of the spikes in
both OOL timing drift and ambient temperature curves have the same timestamp
and is believed to be human influenced (someone working near the optical table).
Additionally, interesting evolution trends can be noticed in both timing drift and
optical power measurement data, although it is quite challenging to quantify them
it gives the motivation to conduct the independent AM-PM investigation of the
MZM based laser-to-RF' synchronization setup.

Typically when PLL is established, the in-loop timing drift data is not a subject
of interest, because as expected, the in-loop timing drift curve in figure 4.13 - (a)
shows the timing fluctuations around zero, while the mean value of these fluctua-
tions does not drift away from zero. Interestingly, these timing fluctuations amount
peak-to-peak ~ 10fs and around measurement timestamp of 40 h it reduces to
~ 1fs and after an hour it again starts to oscillate ~ +5fs around zero. A closer
look to the in-loop data reveals a periodic behavior of the measured data. The
cause of this periodic oscillations was found that they are related to the DESY
IT synchrotron operation, where the electron beam injection to the synchrotron
takes place with 12.5 Hz repetition rate. One may recall from the measurement of
the VSD of the MZM based phase detector (see figure 4.8 (a)) that the 12.5Hz
frequency component is one of the most prominent in terms of its magnitude
among other frequency lines of the measured voltage noise spectrum.

The top plot in figure 4.14 shows the zoomed in view of the in-loop timing
drift data for the time interval when DESY II synchrotron was in ON and OFF
state for about an hour. The bottom plot in figure 4.14 depicts the dipole magnet
current of the DESY II storage ring for the same time interval. It is obvious that
the timing drift oscillations are no longer present once the synchrotron is turned
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103
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off and the in-loop peak-to-peak timing drift reduces down to 1fs.

To summarize, the successful experimental demonstration of the long term OOL
timing stability for the MZM based laser-to-RF synchronization setup has been
carried out. Sub-10fs rms timing stability over 43h has been measured which
shows the robustness of the MZM based phase detector and makes is perfectly
suitable to employ for upcoming external injection experiments at REGAE. In
addition, auxiliary data in figure 4.13 gives the indication to conduct the dedicated
AM-PM investigation for MZM based laser-to-RF phase detector.

4.3.4 AM-PM Coefficient of the MZM based Laser-to-RF Phase Detector

Due to the basic principal of operation of the MZM based laser-to-RF phase
detector, ideally the AM-PM effects are fully mitigated when it is set to its
nominal operation mode. However, due to the unwanted direct current (DC) offset
voltages of the readout electronics, the MZM based phase detector may become
susceptible to input laser power variations. Here, the first attempt to measure the
AM-PM coefficient of the MZM based laser-to-RF phase detector is presented.

In-loop timing drift (fs)
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c
2 200 [ .
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o
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o
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Figure 4.14: Zoomed in region of the in-loop timing drift measurement data together with
the DESY Il synchrotron dipole magnets ON and OFF state.
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In order to measure the AM-PM coefficient of the MZM based laser-to-RF phase
detector, one has to alter the input optical power of the in-loop phase detector
while detecting the corresponding phase variations with an out-of-loop phase
detector or vice versa.

It has been decided to place the variable neutral density (ND) filter right after
the input fiber collimator of the free space optical setup see figure 4.15 which is
used for in-loop MZM based laser-to-RF phase detector. Therefore, once the laser
oscillator is synchronized to the RF reference using MZM based laser-to-RF phase
detector, the input optical power can be varied by changing the optical density
(OD) of the ND filter, introducing amplitude modulation (AM) for the in-loop
laser-to-RF phase detector. By measuring the relative optical power change using
the optical power meter and corresponding phase variation with the out-of-loop
MZM based laser-to-RF phase detector, one can deduce the AM-PM coefficient
of the MZM based phase detector, in units of fs %' of optical power change.
Besides this, the experimental setup remains the same as shown in figure 4.12.
As for the data acquisition unit, the laboratory oscilloscope has been employed
for baseband voltage measurements instead of the datalogger. The measured
baseband voltages for each optical power modulation has been calibrated using
the beat-note calibration method and converted to units of fs.

The AM-PM coefficient as a function of the input average optical power is shown
in figure 4.16. Even though the range of the input optical power in figure 4.16 is
limited to 4.45mW to 4.75mW, one can clearly see that the AM-PM coefficient
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Figure 4.15: Modified optical setup of the in-loop MZM based laser-to-RF phase detector
for the AM-PM investigation.
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Figure 4.16: AM-PM coefficient as a function of input average optical power into the
in-loop MZM based laser-to-RF setup.

is pretty much independent of the input optical power change. The measured
mean AM-PM coefficient amounts —33.7 fs % " of optical power change. The large
error bars in figure 4.16 are due to the fact that the optics box has been open
while turning the ND filter manually and ambient temperature and humidity were
drastically changed affecting the stability of the whole system.

It is worth mentioning that the AM-PM coefficients have been previously measured
for balanced optical-microwave phase detectors (BOM-PDs) and fiber loop optical-
microwave phase detectors (FLOM-PDs) operating at 1550 nm wavelength, where
different values for AM-PM coefficients are deduced by different groups [JK12a;
Les™13; PKK14]:

FLOM-PD [JK12a] In this paper, the AM-PM coefficient has been measured
for different modulation frequencies (4 Hz, 50 Hz, 500 Hz, 5kHz, 50kHz)
and it shows a modulation frequency dependency. The AM-PM coefficient
measured at 4 Hz modulation frequency is the most comparable to the AM-
PM coefficients presented in this work. It amounts to 59.2fs %" which is
approximately a factor of 2 higher value than presented in this thesis.

BOM-PD [Lest13; PKK14] The AM-PM coefficients presented in these two
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papers show significant improvement compared to [JK12a]. For low amplitude
modulation frequencies the AM-PM coefficient amounts from 0.46 fs %" to
0.78fs %! which is approximately a factor of 45 to 75 lower value than
33.7fs/% According to these papers the improvement in AM-PM conversion
is achieved by the DC offset adjustment at the input of the controller.

These numbers are not directly comparable to the measurement results presented
in this thesis, since they ([JK12a; Les"13; PKK14]) use a different light source
(1550 nm Er-fibre comb) and RF source (8 GHz, 10 GHz DROs) which are impor-
tant parameters for the balanced laser-to-RF phase detectors.

To conclude, the measured AM-PM coefficient for the MZM based laser-to-RF
phase detector operated at 800 nm wavelength was the first attempt to demonstrate
the robustness of the system for input optical power fluctuations compared to the
earlier presented PD based direct conversion synchronization setup, where the
AM-PM coefficient can be as high as —373fs %" which is one order of magnitude
larger value than what has been achieved with MZM based laser-to-RF scheme.

The AM-PM effect in MZM based laser-to-RF synchronization setup can be
induced only by the DC offsets which might be present in the detection chain due
to the improper adjustment or intrinsic imperfections of the readout electronics.
This offset signals are treated by the controller as a voltage, related to the timing
offsets between the RF reference signal and optical pulse train. I believe that it is
further possible to minimize the AM-PM coefficient for MZM based laser-to-RF
setup by improving the balancing of the amplitudes of the delayed and non-delayed
optical pulses in the free space optics section and removing the DC offset from
the baseband signal after the RF mixer and the LNA.

4.4 Beam based Studies of Amplitude-to-Phase Conversion in
Laser-to-RF Synchronization Setups

In order to perform electron beam based study of the timing fluctuations between
the Ti:Sa photo-injector laser and the RF gun phase, the effect of bunch charge
dependency on gun phase can be used [Wan™11; Sch™06]. More specifically, in this
section, this dependence of the emitted charge to the gun phase has been employed
to investigate the AM-PM effects of PD based direct conversion and MZM based
laser-to-RF' synchronization setups. Figure 4.17 shows the emitted charge as a
function of the gun phase. For gun phases ¢, > 45° no charge is emitted since
all electrons are decelerated. As the gun phase changes towards negative phase
values more and more electrons are accelerated and for ¢y, = —30° the maximum
charge is emitted. The gun phase region between 30° and —30° is influenced by the
Schottky effect where the photo-cathode work function reduces with the increase
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of the electric field'. Beyond Pgun ~ —60° electrons are accelerated from the half
cell to the full cell, but due to the phase slippage the already decelerating RF field
in the full cell stops the beam before leaving the gun body (no charge is detected).
Two main regions of this curve are important, the laser amplitude and phase
sensitive regions. Latter has been chosen for investigating the AM-PM effects.
The steepness of the slope in the phase sensitive region of the curve defines the
sensitivity of the charge based timing change measurement.

The bunch charge measurement has been carried out using a current monitor
(CuMon) shown in figure 4.18, which is located right before the spectrometer
dipole.

To conduct the beam based measurement of the AM-PM coefficients for the two
different laser-to-RF synchronization setups (DWC and MZM), artificial optical
AM has been introduced by moving the stepper motor based delay stage inside
the laser oscillator cavity (M8 mirror see figure 1.4). While the stepper motor
is moving, the PZT actuator (M7 mirror see figure 1.4) counter acts in order
to keep the laser oscillator in phase (locked). These movements induce output
optical power change due to the pointing and the intra-cavity gain change of
the laser oscillator, but it does not cause a power change of the laser amplifier
output since the amplifier is operated in saturation regime. The artificial AM can
be controlled remotely by the control system distributed object oriented control
system (DOOCS).

4.4.1 DWC Based Synchronization System

Figure 4.19-(a) and figure 4.19-(b) show the stepper motor induced (remotely
controlled) laser oscillator power modulation from its nominal operating point
(4mW average optical power incident on a photodiode) and corresponding charge
modulation measured by the CuMon. Figure 4.19-(c) shows the PZT actuator
voltage change in order to compensate for the stepper motor movement. The
laser oscillator was locked to the RF reference signal using the DWC based laser-
to-RF synchronization setup. After analyzing the data presented in figure 4.19
and calculating the relative laser power fluctuation incident on a photodiode and
corresponding charge fluctuation, one can deduce the AM-PM coefficient using
the following expression:

AQ AP\
o= (29) (82 e, »

where, AQ) is a charge deviation due to AM-PM effect, K is a calibration constant
in units of Cs™!, deduced from the slope of the phase sensitive region in figure 4.17

'K. Fléttmann - Private communication.
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Figure 4.17: Emitted charge as a function of gun phase

(Kq =0.19C s7'). AP/p is a relative optical power change incident on a PD in
units of %.

It has been shown in chapter 2 (see figure 2.17) that the AM-PM coefficient
strongly depends on the absolute value of the optical power incident on a PD
and its applied bias voltage. Therefore, the measurements have been carried out
for different absolute optical power levels incident on a PD and corresponding
AM-PM coefficients have been calculated based on equation (4.4). For all beam
based measurements, the bias voltage applied on a PD has been set to 10V.

Figure 4.20 shows the calculated AM-PM coefficient as a function of the optical
power incident on the photodiode of the DWC based laser-to-RF phase detector
setup. The AM-PM coefficient shown in figure 4.20 were determined by two
independent methods: first, MZM based laser-to-RF phase detector (blue curve)
and second, the electron beam based phase dependent charge measurement method
(red markers).

There is a very good agreement between both measurements. The resolution of the
electron beam based measurement is limited by intrinsic laser power fluctuation
from the amplifier which typically amounts 3 % rms. During the measurement,
the emitted charge was ~ 650fC resulting in a charge fluctuation of 20fC or
a corresponding timing resolution of about 100 fs rms due to the intrinsic laser
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Figure 4.18: Top view of the REGAE up to the energy spectrometer (dipole).

amplitude fluctuations.

4.4.2 MZM Based Synchronization System

The AM-PM coefficient of the MZM based laser-to-RF synchronization setup is in
the order of few tens of femtoseconds per percent of input optical power change
(see figure 4.16). Therefore, it was interesting to conduct the beam based studies
of AM-PM effects while laser oscillator was locked to RF reference using MZM
based laser-to-RF setup. Thus the same investigation described in the previous
subsection has been carried out when laser oscillator was synchronized to the
2.998 GHz RF reference using MZM based laser-to-RF synchronization setup.

If one uses the same settings for the emitted bunch charge as a function of
the RF gun phase as shown in figures 4.17 and 4.19, it would be impossible to
resolve the expected bunch charge fluctuations coming from the AM-PM effects
of the MZM based laser-to-RF phase detector due to the large induced charge
fluctuations from the intrinsic laser amplitude changes. Therefore, bunch charge
of the emitted electrons has been reduced on purpose in order to minimize the
charge fluctuation contributions from the intrinsic laser amplitude fluctuations
down to 2fC. On the other hand, by reducing the electron bunch charge, one
comes close to the electronic noise level defining the resolution of the CuMon
which is around 2.5 fC rms corresponding to the timing fluctuation of 25fs for the
low charge operation settings and limiting the measurement precision [LLS13].
For the low charge phase scan settings, the sensitivity coefficient became factor of
two smaller Kq = 0.1 Cs 1.

In figure 4.21 similar to figure 4.19, measured input optical power fluctuation
and corresponding bunch charge fluctuation is depicted when laser oscillator was
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Figure 4.19: (a) - optical power fluctuation due to the optical delay stage and PZT
actuator movement inside the oscillator cavity (AM), (b) charge fluctuation measured
by the CuMon while laser oscillator locked with DWC based setup, (c) - PZT actuator
voltage change due to delay stage (stepper motor) movement.
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Figure 4.20: AM-PM coefficient of a photodiode based synchronization setup as a function
of average optical power incident on a PD for 10V bias voltage measured with OOL
MZM based laser-to-RF phase detector and with electron beam based charge monitor
in comparison.

synchronized to the RF reference using MZM based laser-to-RF synchronization
setup. The charge fluctuation/modulation induced by the input optical power
changes is still visible but close to the electronic noise level of the CuMon readout
electronics. It is worth noting that even though the laser oscillator relative optical
power change is > 2% (see figure 4.21 - (a)), the corresponding charge fluctuation
is about 10 times smaller compared to the measurement shown in figure 4.19 -
(b) (DWC based laser locking). This behavior of MZM based synchronization
setup reflected in electron beam charge measurements confirms the insensitivity of
the MZM based laser-to-RF synchronization setup compared to conventional PD
based direct conversion schemes.

Based on the measurement data presented in figure 4.21, the AM-PM coefficient
of the MZM based laser-to-RF phase detector has been calculated, shown in fig-
ure 4.22, with excellent agreement to the measurements of the AM-PM coefficients
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Figure 4.21: (a) - optical power fluctuation due to the optical delay stage and PZT
actuator movement inside the oscillator cavity (AM), (b) charge fluctuation measured
by the CuMon while laser oscillator locked with MZM based setup, (c) - PZT actuator
voltage change due to delay stage (stepper motor) movement.
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Figure 4.22: AM-PM coefficient of the MZM based laser-to-RF phase detector measured
by the out-of-loop MZM detector and AM-PM based on electron beam charge
measurement.

for MZM based laser-to-RF synchronization setup. The first set of measurement
was carried out by modulating the input optical power to the MZM based laser-
to-RF synchronization setup using a ND filter while observing the timing/phase
changes with the second laser-to-RF setup as an out-of-loop phase detector (see
red circles in figure 4.22). The second measurement has been carried out using
electron beam charge measurement while input optical power was modulated by
moving the laser oscillator cavity actuators back and forth as described earlier in
this section.

To conclude, the electron beam based studies have shown excellent agreement with
the conventionally measured AM-PM effects for two laser-to-RF synchronization
setups (DWC and MZM). The resolution of the measurement was limited by the
intrinsic laser power fluctuation and noise of the electronics of the charge monitor
(CuMon).
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Ultrashort (< 10fs) electron bunches from the Relativistic Electron Gun for Atomic
Exploration (REGAE) linear accelerator (linac) will be used to probe the plasma
wakefields generated by the high-power ANGUS laser. The region of the plasma
wakefield where longitudinal and transverse electric fields are accelerating and

focusing is equal to quarter of the plasma wavelength %. This corresponds to

the time interval of % = 2501fs. By varying the relative time delay between the
electron bunches and ANGUS laser, electron bunches will experience different
accelerating and focusing fields. As a result, electron bunches after the plasma
cell will gain energy, the optics changes or the electron bunches are deflected if
not injected on axis. The measurement and analysis of the energy spectra for the
electron bunches for different time delays, allows to reconstruct the longitudinal
wakefield profile and to benchmark numerical simulations of the plasma wake-
electron bunch interaction.

To conduct such an experiment, the relative timing jitter between the ANGUS
laser and electron bunches from REGAE should not exceed the 10 % margin
of the 22 time interval. This yields to the timing stability requirement of 25 fs
(ideally FWHM) between these two beams. In order to meet such a requirement,
femtosecond level synchronization of REGAE photo-injector laser, high-power
ANGUS laser and precise radio frequency (RF) field control of the REGAE gun
and buncher cavities is mandatory. More specifically, to achieve the electron beam
arrival time stability of ~ 101s root mean square (rms), the RF field relative
amplitude stability of & LLRF < 107* and phase stability of Apyirp ~ 1072 degree
is required at REGAE. Electrons are generated by impinging a titanium sapphire
(Ti:Sa) laser on a photo-cathode, the photo-injector laser synchronization critically
influences the electron beam arrival time with respect to the plasma wakefield.
Therefore, REGAE photo-injector laser synchronization with short term perfor-
mance of 10fs rms and long term performance of < 50fs peak-to-peak is required.
Same requirements applies to the ANGUS laser synchronization.

There are several approaches how to synchronize the laser pulse train to the
RF signals. Preceding chapters of this thesis discusses two different laser-to-RF
synchronization schemes. The first scheme relies on a fast photodiode based direct
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conversion method. The idea is to convert pulsed optical signals into electric
signals using a fast photodiode. Generated electric pulses are composed of high
spectral purity harmonics of the laser repetition rate. One of the harmonics can
be filtered out and RF amplifier in combination with RF phase detector such as
RF mixer can be employed to synchronize the laser to the RF reference signal.
The short term locking performance of this scheme can be as low as 10fs rms.
However, this scheme suffers under a poor long term timing drift performance and
amplitude-to-phase modulation (AM-PM) effects of the photodiode. The drift
performance is mainly limited by the components which are susceptible to phase
changes due to the variations of the environmental conditions. The AM-PM effects
are the phase changes induced by the optical power variations on a photodiode.
This effect can severely degrade the performance of the laser synchronization.
At REGAE conventional photodiode based laser-to-RF synchronization setup
has been built and characterized for long term timing drift performance. The
most stable region of this measurement showed 250 fs peak-to-peak timing drift
over 8 h measurement period. The timing drift performance is thus one order of
magnitude higher number than what is required. Detailed investigation of AM-PM
effects have been carried out for the photodiode based laser synchronization setup.
These measurements showed that the AM-PM coefficient of the photodiode based
synchronization scheme can be as high as 375fs %" of input optical power change.
On the other hand, the experimental investigations also showed that the AM-PM
coefficient depends on the absolute power level incident on a photodiode and the
bias voltage applied to it. The dependence is non-linear and features sweet spots
where AM-PM coefficient values can approach zero. This dependence has been
verified by electron beam based measurements and showed a good agreement with
the measurement performed by conventional methods (out-of-loop (OOL) phase
detector). One can adjust the optical power and the bias voltage accordingly
to minimize the AM-PM effects, but it requires an additional active feedback
stabilizing the optical power. Additionally, as discussed earlier, the environmental
induced timing drifts still remain unsolved. Therefore, an alternative approach for
laser-to-RF synchronization has been introduced to overcome and mitigate these
problems.

Based on developments of the 1550 nm Mach-Zehnder modulator (MZM) based
laser-to-RF phase detectors for Free-Electron Laser in Hamburg (FLASH) and
European X-ray Free-Electron Laser (XFEL), an 800 nm MZM based laser syn-
chronization setup has been successfully developed and tested at REGAE.

The idea is to sample the RF reference signal with the laser pulses. The amplitude
of the optical pulses transmitting the MZM will be modulated, defining the relative
timing between the RF reference signal and the laser pulse train. Thus, using a
MZM the relative timing information between two sources will be encoded in an
amplitude modulation of the optical pulses. The timing offsets are imprinted into
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the higher harmonics of the laser repetition rate and the RF signal is sampled at
0 degree and 180 degree phases. This allows to make this scheme robust to the
environmental induced phase drifts associated with the components (cables, fibers,
RF and opto-electronics) and in addition, the setup is insensitive to input optical
power variations (no AM-PM dependence).

Full mathematical analysis including tolerance studies and experimental realiza-
tion of the MZM based laser synchronization scheme have been presented in the
course of this thesis. Mathematical predictions have been successfully confirmed
by the experimental measurements. Tolerance studies have shown the sensitive
physical parameters which may degrade the performance of the synchronization
scheme. For example, to achieve < 10fs timing drift performance, the optical
power splitting ratio needs to be stable in the order of 107

The investigation of AM-PM effects have been carried out for MZM based setup.
Measurements showed the AM-PM coefficient of 35fs %' of input optical power
change, which is at least factor of 10 smaller than AM-PM coefficient measured
for photodiode based laser synchronization setup. Ideally, one would not expect
any dependence on the input optical power fluctuation which is confirmed by the
mathematical model. However, the mathematical model presented in this work
does not take into account the residual offset voltages of the readout electronics.
This effect can be further reduced by improved readout electronics or by direct
sampling the signal using a fast analog-to-digital converter (ADC) (see Chapter 6).
Similar to photodiode based laser synchronization setup, the electron beam based
AM-PM coefficient measurements where conducted when laser was locked using
MZM based laser synchronization setup. Electron beam based measurements again
showed a good agreement with the measurements performed with the convectional
methods (OOL phase detector).

Finally, the MZM based laser synchronization scheme has been employed to phase
lock the REGAE photo-injector laser to the RF reference signal with the locking
bandwidth (BW) of ~ 2kHz. The out-of-loop measurements showed the unprece-
dented timing drift performance of 31 fs peak-to-peak over 43 h of measurement
time and a timing jitter of 11 fs rms only. These numbers show that the MZM based
laser-to-RF synchronization setup fulfills the laser synchronization requirements
for the external injection based laser wakefield acceleration (LWFA) experiments.
Strong influences of the synchronization is observed due to the operation of DESY
IT synchrotron. The dependencies on DESY II operation have not been yet under-
stood and needs to be further investigated.

Up to now, 31fs over 43 h is the best known timing drift performance for Ti:Sa
laser and 2.998 GHz RF reference signal.
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Chapter 6
Outlook

Synchronization of the ANGUS laser oscillator

Precision synchronization of ANGUS laser to the radio frequency (RF) reference
signal is crucial to conduct the external injection based laser wakefield acceler-
ation (LWFA) experiments. The Mach-Zehnder modulator (MZM) based laser
synchronization scheme, which has been successfully built and tested for Relativis-
tic Electron Gun for Atomic Exploration (REGAE) photo-injector laser, will be
employed to phase lock the ANGUS laser oscillator to the 2.998 GHz RF reference
signal. An RF reference line has been already installed from REGAE master
oscillator (MO) to the neighboring building 22 where the ANGUS laser is located.
Currently, this RF coaxial cable of the distribution system are not stabilized. It is
mandatory to implement the interferometric stabilization system to remove the
potential cable drifts. This is currently under development. For the laser syn-
chronization setup investigated in this thesis, following items have been identified
which can be improved, leading to a better performance of the synchronization
System.

Opto-mechanical stability

The MZM based laser-to-RF synchronization setup consists of both a free space
optics and fiber optics. The free space opto-mechanical stability is crucial since
the following parameters are strongly influenced:

o fiber coupling efficiency
« splitting ratio stability
o timing shifts

The instability of each of this parameters degrades the long term performance
of the synchronization setup. Therefore, it is desired to improve the overall
opto-mechanical stability in the next iteration of the setup by replacing the opto-
mechanical mounts with better engineered ones. Approximately factor of 2 larger
beam diameter fiber collimators can be employed to reduce the beam divergence and
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improve the optimum coupling efficiency of the delayed and non-delayed optical
beams. Additionally, the aluminum baseplate where all the opto-mechanical
components are mounted can be further reinforced by increasing the thickness to
avoid possible mechanical deformations over the longer period of time.

Noise floor of the readout electronics

It has been shown in chapter 4 that in the current configuration, the noise floor of
the readout electronics is limited by the thermal noise of the 50 Q load resistor of
the photodiode. This noise level limits the laser locking with larger bandwidth.
To mitigate this problem and improve the overall signal-to-noise ratio (SNR) of
the MZM based phase detector, a fast transimpedance amplifier (TIA) can be
employed in combination with the photodiode to replace the 50 Q terminated
photodiode and the chain of RF amplifiers. The gain of the TIA proportionally
increases with the value of the feedback resistor of the TTIA circuitry, while the
thermal noise of the feedback resistor increases with the square root of its value.
Hence, the SNR increases with the square root of the feedback resistor value. The
preliminary estimates suggest to improve the SNR by factor of 5 compared to
50 Q load photodiode configuration.

Another possibility to improve the noise floor of the readout electronics is by
increasing the optical power incident on a photodiode. Currently the optical power
from the laser oscillator is unfortunately limited to 20 mW (free space) for laser
synchronization purposes. Typically 90 % of the laser oscillator output power
(300mW) is used for seeding the regenerative amplifier of the titanium sapphire
(Ti:Sa) laser system. With a high output power from the modern Ti:Sa laser
oscillator this limitation can be easily overcome.

Digital readout electronics

Currently, the readout electronics used to detect the relative timing error between
the RF reference and laser oscillator pulse train is based on conventional analog
electronics. An RF mixer together with the other RF components (amplifiers,
bandpass filters) are used to down-convert the 333.1 MHz RF signal to baseband.
There are several disadvantages when dealing with baseband signals. It features
intrinsic undesired residual direct current (DC) offset voltages and is susceptible
to electro-magnetic interference (EMI). In principle, one can generate the interme-
diate frequency (IF) frequency for detection, but this requires additional electronic
components (LO, Clock, etc) which makes the setup complicated to build.
Presently, individual RF components are used (RF amplifiers, RF band-pass filters,
RF mixers, etc.) which makes setup rather bulky. In principle this can be mounted
to a single printed circuit board (PCB) to save the space, but in that case the
baseband related problems still remain to be unsolved.
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Baseband problems and partially the bulky RF components can be overcome using
a digital readout electronics. It is possible to detect the amplitude modulation
of 333.1 MHz RF signal by direct sampling it using an ultrafast analog-to-digital
converter (ADC) and extracting the amplitude information by digital in-phase
and quadrature phase (I/Q) demodulation.

Bias feedback of the MZM

The sensitivity of the MZM based laser-to-RF phase detector strongly depends
on the bias operating point of the MZM. Ideally the bias voltage needs to be
set such that one achieves a 50 % transmission at the output of the MZM. The
problem is, that the bias drift associated to electro-optic (EO) modulators change
the optimum working point which degrades the sensitivity of the detector and adds
undesired dependencies to other parameters that may change with environment.
Up to now, the MZM has been operated without any active feedback applied
to it. One can employ a bias feedback system which relies on absolute optical
power measurement. However, two consideration needs to be taken into account.
First the intrinsic optical power change from the laser oscillator and the bias drift
related optical power change are indistinguishable. Therefore there is a chance that
controller acts on a non-bias drift related optical power change. One can correct
that by independently monitoring the optical power changes of the oscillator and
adjusting the set point of the feedback controller accordingly.

Second, due to a rather poor design of the 800 nm MZM it was observed that
the shape of the output optical spectrum changes by applying the bias voltage.
Two pulse trains (delayed and non-delayed) which undergo different paths of the
optical components slightly deviate in optical spectra. Hence, after applying
the bias voltage to the MZM, the output optical spectra of the delayed and
non-delayed pulses change differently. This phenomena results in an amplitude
mismatch of the electric pulses after the photodiode and will degrade the long
term timing performance of the synchronization setup, unless independent optical
power monitoring is performed before the MZM and the feedback controller set
point is adjusted accordingly.

Another solution to this problem is to find an alternative vendor for 800 nm
MZM who will offer a better engineered MZM which will not have the spectral
dependencies on applied bias voltage.
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