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Abstract

The Future Circular Lepton Collider (FCC-ee) is a planned electro-positron collider with 91 km cir-
cumference to provide highest luminosity for precision particle physics experiments of electroweak
interactions, Higgs-boson properties, Top-quark mass and more. To achieve the desired physics pro-
gramme, FCC-ee foresees four di�erent operation modes with di�erent beam parameters. The collision
conditions in every mode must be precisely determined to enable experiments at highest precision,
which requires pushing the limits of high-precision particle beam diagnostics. In particular, a bunch
pro�le monitor is required to provide high resolution bunch length measurements of every bunch to
assess the impact of beamstrahlung on the collision conditions. This thesis investigates the feasibility
of an in-vacuum electro-optical (EO) longitudinal bunch pro�le monitor and provides a concept to
cope particularly with FCC-ee’s wide range of bunch durations in the order of picoseconds and high
bunch charges in the order of 30 nC. A simulation procedure was set up based on experiments at
the EO monitor of the Karlsruhe Research Accelerator (KARA) to serve as a baseline and to identify
design issues under FCC-ee’s demanding beam conditions. To resolve the identi�ed problems with
long bunches and high charges, a novel prism-based design has been developed and simulated. Its
functionality has been successfully demonstrated with a �rst prototype at the CERN Linear Electron
Accelerator for Research (CLEAR).

Kurzfassung

Der FCC-ee ist ein geplanter Teilchenbeschleuniger mit 91 km Umfang für Kollision von Elektronen und
Positronen bei höchster Luminosität für präzise Teilchenphysik-Experimente zur elektroschwachen
Wechselwirkung, den Eigenschaften des Higgs-Bosons, der Top-Quark-Masse und weiteren Themen.
Um diese Ziele zu erreichen, wird FCC-ee in vier Operationsmodi betrieben. Die Kollisionsbedingungen
müssen in jeden Operationsmodus präzise bestimmt werden, um Experimente mit höchster Präzision
zu ermöglichen. Daraus resultieren hohe Anforderungen an die Strahldiagnostik. Insbesondere wird ein
Monitor zur Bestimmung des longitudinalen Pro�ls jedes Teilchenpakets benötigt, um die Auswirkun-
gen der Beamstrahlung auf die Kollisionen zu beurteilen. Diese Arbeit untersucht die Machbarkeit eines
elektro-optischen (EO) Monitors zur Messung des longitudinalen Teilchenpaketpro�lesund präsentiert
ein Konzept, um mit der der Breite an verschiedenen Teilchenpaketdauern in der Größenordnung von
Picosekunden, sowie den hohen Teilchenpaketladungen in der Größenordnung von 30 nC umzugehen.
Ein Simulationsprozess wurde basierend of Experimenten mit dem EO-Monitor am Forschungsbeschleu-
niger KARA entwickelt, was als Design-Basis und zur Beurteilung der Probleme eines EO monitors
mit den Strahlparametern von FCC-ee diente. Um die resultierenden Schwierigkeiten mit den langen
Teilchenpaketen und hohen Bunchladungen zu beheben, wurde ein neues Prismen-basiertes Design
entwickelt und simuliert. Dessen Funktionalität wurde mit einem ersten Prototypen am linearen
Elektronenbeschleuniger CLEAR am CERN demonstriert.
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1 Introduction

Particle accelerators for research applications commonly produce particle bunches with typical lengths
in the range of millimeters to centimeters, which are accelerated to velocities close to the speed of light.
Typically, multiple particle bunches are generated in short succession, which are collectively described
as a particle beam [21]. A crucial part of particle accelerators are dedicated diagnostic instruments
(beam diagnostics) to monitor the trajectory and properties of the particle beam and individual particle
bunches [22]. Particle accelerators with shorter bunches in particular require ultra-fast measurement
techniques to measure the length and the longitudinal pro�le of single particle bunches, because the
short particle bunches pass the diagnostic instruments within picoseconds or less. Hence, resolving the
bunch pro�le drives the need for beam diagnostics with a time resolution towards the femtosecond
regime [23, 24]. To match the challenging requirements, non-destructive longitudinal beam diagnostics
are typically experimental instruments that are tailored to the speci�c needs of the accelerator [25–
27].

This thesis investigates the development of an in-vacuum electro-optical (EO) monitor for longitudinal
bunch pro�le measurements of particle bunches in the Future Circular Lepton Collider (FCC-ee).
In-vacuum EO monitors enable non-destructive single-shot bunch pro�le measurements with a sub-
picosecond time resolution [26, 28]. Related measurements of the particle bunch duration (bunch length)
can achieve an absolute uncertainty as low as tens of femtoseconds [29]. As these are experimental
devices with a dedicated laser and read-out system, they are typically custom-made for each accelerator.
Optimizations and new EO analysis techniques are developed continuously to improve its resolution [30–
32]. While EO monitors are mostly installed at linear accelerators, the Karlsruhe Research Accelerator
(KARA) at Karlsruhe Institute of Technology (KIT) provided the �rst in-vacuum EO monitor at a
synchrotron, enabling single-shot turn-by-turn bunch pro�le measurements with a repetition rate of
2.7MHz [27, 33–35].

The general measurement principle of an EO monitor is based on the electro-optical e�ect in a crystal,
that changes its optical properties proportionally to the strength of an applied electrical �eld. When
the EO crystal is exposed to the Coulomb �eld of a passing particle bunch, the introduced change in its
optical properties modulate the polarization of a laser pulse traveling through the crystal. The resulting
laser pulse has the bunch pro�le encoded into its polarization, which can be detected with techniques
like electro-optical spectral decoding (EOSD). EOSD enables single-shot bunch pro�le measurements
with MHz repetition rate, because a chirped laser pulse is used, where the wavelength of the laser
light increases or decreases within a single laser pulse. Thus, the bunch pro�le is also encoded in the
spectrum of the laser pulse, which can be analyzed with a spectrometer.

As a result, an EOmonitor is a promising beam diagnostic instrument for Future Circular Lepton Collider
(FCC-ee), which is a planned highest-luminosity electron-positron collider with 90.7 km circumference
to serve as Higgs, top-quark and electroweak factory for precision experiments [36]. As studies of the
FCC-ee design are progressing, boundary conditions for the bunch pro�le monitor development are
subject to change. A starting point was provided with the conceptual design report in 2019, which
discussed the physics opportunities and concept design of the lepton collider FCC-ee as an intermediate
step to the Future Circular Hadron Collider (FCC-hh) within the same ∼91 km tunnel [37–39]. This
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1 Introduction

Table 1.1: FCC-ee beam parameters for its Z, WW, ZH and tt̄ operation modes, based on [9].

Parameter Unit Z WW ZH tt̄

Beam energy GeV 45.6 80 120 182.5
Beam current mA 1292 135 26.8 5.1
Bunches / beam 11200 1856 300 60
Bunch population 1011 2.14 1.45 1.15 1.55
Bunch charge nC 34.90 21.95 27.01 25.7
Bunch length σz mm 5.2 3.5 3.3 1.9

...with beamstrahlung mm 15.2 5.3 5.6 2.3
Bunch duration σt ≈ σz/c ps 17.2 11.7 11.0 6.3

...with beamstrahlung ps 50.7 17.7 18.7 7.7
inter-bunch period ns 25
Synchrotron power / beam MW 50

thesis is part of the feasibility study, which started in 2021 to asses the �nancial and technical feasibility
of FCC-ee as a �rst stage, followed by FCC-hh. The feasibility study report was published in 2025 [8–10],
and provides a reference for the machine parameters that are used in this thesis.

FCC-ee requires a bunch length monitor, particularly to assess the e�ects of beamstrahlung on the
collision conditions. Beamstrahlung is a synchrotron-like radiation that is caused by the de�ection
of particles in the strong electromagnetic �eld of the opposing bunch during collisions. It a�ects the
energy spread and the length of the particle bunches, which are crucial parameters for the precision
of the physics experiment, as they impact the center-of-mass energy and the luminosity, respectively.
Additionally, the bunch pro�le monitor is supposed to provide on-demand bunch pro�le measurements
during commissioning of the accelerator and to monitor the top-up injection of new particles into the
circulating beam.

The most promising diagnostic techniques to ful�ll these challenging requirements are: a streak camera,
an in-vacuum monitor based on Cherenkov di�raction radiation (ChDR), or an in-vacuum EO bunch
pro�le monitor. A streak camera detects the longitudinal pro�le of visible part of synchrotron radiation
spectrum, which can be used to deduct the longitudinal bunch pro�le. It would require a synchrotron
beamline with dedicated optics to guide the visible part of the synchrotron spectrum to the camera.
With the large bending radius of the FCC-ee dipole magnets of ∼10 km, the extraction of synchrotron
light needs designated infrastructure. Discussions are ongoing, but a synchrotron beamline was not
part of the accelerator design in the feasibility report.
A bunch pro�le monitor based on ChDR is a recent concept that is still under development. ChDR
is created when the particle bunch passes next to a dielectric medium which produces radiation that
propagates through the medium at the Cherenkov angle. This principle could be used to design a bunch
pro�le monitor, which has been studied in Ref. [40].

This thesis investigates the feasibility of an EO bunch pro�le monitor for FCC-ee and how it needs to
be designed to speci�cally address the unique and extreme particle beam properties and infrastructure
of FCC-ee. The boundary conditions for the EO monitor development are set by the beam parameters
presented in the FCC-ee feasibility study report [9]. A selection of beam parameters relevant for the
development of the EO monitor is listed in Tab. 1.1. The bunch length is presented for colliding and non-
colliding bunches, which highlights the bunch lengthening through beamstrahlung during collisions.
The FCC-ee feasibility study report suggests four operation modes with unique particle energies to
maximize the production of certain particles and particle interactions. The circulating particle bunch
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1 Introduction

emits synchrotron radiation at every bending magnet, which results in an energy loss for the particles.
The energy loss is compensated by accelerating the particles with radio frequency (RF) structures in
a technical straight section. However, the synchrotron power scales with the particle energy to the
fourth power, which sets a limit to the maximum feasible particle energy. For the development of
FCC-ee a maximum synchrotron power of 50MW per beam was set as a boundary condition for all
four operation modes.

The �rst operation mode starts with a beam energy of 45.6 GeV, which results in a center-of-mass
energy during collisions at the Z-pole for precision measurements of the Z-boson. Due to its low
particle energy compared to the other modes, it allows 11 200 bunches per beam for the given limit in
synchrotron radiation power and has the highest luminosity. It also provides the longest bunches of up
to 15.2mm, which poses a challenge for bunch pro�le measurement with an EO monitor, because it is
typically optimized for sub-mm bunch lengths. The second operation mode operates at a beam energy
of ∼80GeV to reach the WW-threshold to enable precision measurements of the W-boson mass and its
coupling. The third operation mode aims to maximize the Higgsstrahlung production (e+e− → ZH)
at ∼120GeV per beam for precision measurements of the Higgs-particle. Finally, the last operation
mode reaches highest energies at the Top-pair threshold at with ∼182.5 GeV per beam to measure the
Top-quark mass and its coupling. This mode has the highest bunch charge density with the shortest
bunches, but only 60 bunches in the ring to stay below the synchrotron radiation power limit.

Following the provided beam parameters and boundary conditions, the feasibility study report states,
that the bunch length monitor needs to enable measurements for a wide range of bunch lengths from
∼2mm to ∼15mm across operation modes and provide bunch-by-bunch measurements with up to
40MHz to accommodate the inter-bunch period of 25 ns. A bunch length uncertainty of 1 % of the total
bunch length is desired to allow precise estimations of the collision conditions and the energy spread.
The monitor must be non-destructive with a minimal beam impedance, to minimize the impact on the
beam dynamics and the energy deposition in the crystal. The e�ects of heat on the EO crystal need to
be investigated in particular, because a large heat load is expected at FCC-ee, due to the exposure to
high intensity electromagnetic �elds from the high bunch charges at high repetition rates.

The goal of this thesis is to study the feasibility of an EO monitor for FCC-ee and propose a conceptual
design to cope with FCC-ee’s unique and extreme particle beam properties and infrastructure require-
ments. Experiments and simulations with the EO monitor at Karlsruhe Research Accelerator (KARA)
served as a baseline for further simulations with FCC-ee beam parameters to identify the challenges
of an FCC-ee EO monitor design. The simulations revealed that KARA’s EO monitor design is not
suitable for the long bunches of FCC-ee’s Z operation mode. Therefore, a novel crystal holder has been
designed using two prisms next to the EO crystal instead of a metal mirror. The prism-based design
has a reduced impedance and provides a single-pass of the probe laser through the crystal, which
additionally enables bunch pro�le measurements at the longer bunch lengths of FCC-ee. Simulations
of the EO setup under FCC-ee conditions have been used to benchmark the new design. Finally, a
prototype was built and successfully tested at the in-air test stand at CERN Linear Electron Accelerator
for Research (CLEAR) to demonstrate the feasibility of the new prism-based layout.

3





2 Basics of beam dynamics and

electro-optical beam instrumentation

Particle accelerators rely on a wide range of instrumentation to monitor various aspects of the particle
beam and its dynamics. This chapter introduces the basic concepts relevant for the understanding
of goals and challenges to develop a longitudinal bunch diagnostic and provides an introduction to
the principle of electro-optical bunch pro�le monitors. In particular, electro-optical sampling (EOS)
and electro-optical spectral decoding (EOSD) are introduced, including a discussion of the di�erent
resolution limiting factors

2.1 Beam dynamics

Understanding particle beam dynamics is a crucial aspect for the operation of a particle accelerator and
the development of relevant beam instrumentation. Understanding instabilities to avoid or deliberately
control them is particularly important for circular accelerators like the Karlsruhe Research Accelerator
(KARA) or the Future Circular Lepton Collider (FCC-ee), which could otherwise lead to beam loss.
This section introduces the most important factors to describe the dynamics of the longitudinal bunch
pro�le to get an understanding of what the electro-optical monitor tries to measure. This summary is
mostly based on the comprehensive accelerator physics introduction in Wiedemann [21] and Wille [41],
and on the treatment of longitudinal beam dynamics by Tecker [42].

2.1.1 Fundamentals of longitudinal beam dynamics in synchrotrons

For the development of a bunch pro�le monitor, it is essential to understand both the Coulomb �eld
of a relativistic particle and the trajectories of particles in an accelerator. The particle trajectories
eventually determine the shape of the bunch pro�le and the electro-optical (EO) monitor measures
its Coulomb �eld. Since this thesis addresses the development of an EO diagnostic instrument for
the Future Circular Lepton Collider (FCC-ee), the following introduction focuses on the basics of
longitudinal beam dynamics of synchrotrons.

2.1.1.1 Lorentz force and its consequence for particle accelerators

The Lorentz force FL acts on a particle with charge q and velocity v⃗ while moving through a magnetic
�eld B⃗ and electrical �eld E⃗ [21]

FL = q
(

E⃗ + v⃗ × B⃗
)

. (2.1)

First, it expresses that the Lorentz force from a magnetic �eld is perpendicular to the �eld and the
direction of movement of the particle, which makes it unsuitable for forward acceleration. However, it
enables a constant magnetic �eld to force a charged particle on a circular trajectory, which is already
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2 Basics of beam dynamics and electro-optical beam instrumentation

the �rst step toward a circular particle accelerator. The radius R of the trajectory is calculated for
v⃗ ⊥ B⃗ by setting the Lorentz force equal to the centripetal force FCen

FL = FCen

⇔ qvB =
γmv2

R

⇔ R =
γmv

qB
(2.2)

with the particles rest mass m and the Lorentz factor γ. The dependency of the bending radius R
to γ and hence the kinetic energyK of the particle will become important in the next section about
longitudinal beam dynamics.

Second, the Lorentz force from a magnetic �eld scales with the velocity of the particle, while the force
of an electric �eld does not. Thus, for circular accelerators with particles at relativistic speeds of v ≈ c,
a magnetic �eld of 1 T produces the same force amplitude as an electric �eld with ∼ 3× 108V/m.

In summary, magnets are a good choice to keep charged particles at relativistic velocities on a circular
trajectory, while for the forward acceleration, it must use electric �elds. As a result, a circular accelerator
typically includes multiple bending magnets to keep the beam on a circular orbit and radio frequency
(RF) cavities to provide an alternating electrical �eld to accelerate the particles.

2.1.1.2 The Frenet-Serret coordinate system and the synchronous particle

A typical electron bunch in a storage ring for a light source like Karlsruhe Research Accelerator
(KARA) contains in the order of 1010 particles. To describe the dynamics of its individual particles, it is
convenient to describe their properties via the deviation from a reference particle.

The reference orbit is typically de�ned by the design orbit, which describes the closed trajectory of a
particle with constant kinetic energy (design energy) in the particle accelerator. The design orbit is
speci�c to the layout of the magnets along the ring, called the magnetic lattice.

The position of individual particles in a particle bunch is de�ned with a Frenet-Serret coordinate system.
The origin of the system is placed on a reference particle along the reference orbit, thus the positions
of other particles are described in relation to a reference particle.

reference orbit s

R

x
z

y

Figure 2.1: Schematic of the Frenet-Serret coordinate system, which has the origin at a reference particle moving
along the reference orbit.

A schematic of the Frenet-Serret coordinate system is presented in Fig. 2.1. It de�nes the forward
direction ẑ longitudinal to the reference orbit s, the horizontal direction x̂ and vertical direction ŷ. In
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2.1 Beam dynamics

discussions of the longitudinal pro�le of particle bunches, the relative arrival time t at the detector is
often used instead of the longitudinal coordinate z. These two longitudinal variables are negatively
proportional z ∝ −t, which can be illustrated with the following example: If a particle A arrives earlier
than a particle B (tA < tB), then particle A is positioned more toward the head of the bunch and
particle B is closer to its tail (zA > zB).

A particle with kinetic energyK0 that circulates in a storage ring with length L0 loses energy every
turn. To maintain a stable trajectory, it must gain an equal amount of energy each turn. This energy is
provided by RF accelerating structures, which provide an oscillating voltage

VRF(ψ(t)) = A · sin(ψ(t)) (2.3)

with phase ψ = 2πfRF · t and oscillation frequency fRF (RF frequency). Thus, a particle with charge q
needs to arrive with the same synchronous phase ψS at every turn for a consistent energy gain

U(ψS) = qVRF(ψS), (2.4)

which balances its energy loss. Such a particle is called the synchronous particle.

Thus, the revolution frequency of the synchronous particle is de�ned by the RF frequency

fRF = h · frev = h · 1
T

= h · v
L0
, (2.5)

with the harmonic number h (integer), the revolution time T , the length L0 of the reference orbit and
the particle velocity v (with typically v ≈ c).

2.1.1.3 Off-momentum particles and phase focusing

The momenta of particles in a particle bunch are typically distributed around the momentum of the
synchronous particle, which is quanti�ed as momentum spread σp.

If the momentum p of a particle deviates by ∆p from the synchronous particle momentum p0, its orbit
length L deviates from the synchronous orbit length L0 by

∆L = αc ·
∆p

p0
· L0, (2.6)

where αc describes the momentum compaction factor. The value of αc depends on the integrated
dispersion function D along the orbit s

αc =
1

L0

∮
D(s)

R(s)
ds (2.7)

with the bending radius R(s) [21].

The integrated dispersion along the orbit is positive, when only the bending (dipole) magnets in a
storage ring are considered. For a constant magnetic �eld perpendicular to the particle velocity B⃗ ⊥ v⃗,
the bending radius followsR ∝ γ (see Eq. 2.2) and therefore, the orbit length∆L increases for particles
with∆p > 0 and decreases for those with∆p < 0. However, quadrupole magnets are typically used to
focus the particle beam and to additionally change the dispersion. They can be used to reach a negative
dispersion and even achieve a negative momentum compaction factor [43]. To simplify the following
explanations, the typical case of a positive momentum compaction factor is assumed.
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2 Basics of beam dynamics and electro-optical beam instrumentation

Re
ference orbit
∆p = 0

∆p < 0

∆p > 0

Cavity

(a) Orbit length

0 ψS
π 2π

ψ (rad)

−V0

0

V0

V
R

F

∆p < 0

∆p = 0

∆p > 0

(b) RF voltage in the cavity

Figure 2.2: Illustration of the phase focusing e�ect for particles above transition energy. For illustration purposes,
all three example particles start with the same initial phase ψS at the RF but with di�erent particle momenta.
Compared to the synchronous particle with ∆p = 0, particles with ∆p > 0 have a larger orbit and after one
turn, they arrive later at the cavity with phase ψ > ψS, which leads to a smaller energy gain through the RF
voltage. ∆p < 0 results in a smaller orbit and early arrival ψ < ψS after one turn with larger energy gain.

The deviation∆T of the revolution time T0 from the reference particle is determined by the velocity
v and the orbit length deviation ∆L of a particle via ∆T = ∆L/v. As both, the orbit length and the
particle velocity can vary, the relative change follows from the total di�erential and yields

dT

T0
=

dL

L0
− dv

v
= αc

dp

p0
− dv

v
=

(

αc −
1

γ2

)
dp

p0
, (2.8)

which is described in more detail in [42, p. 7]. The scaling factor between the relative change of the
revolution time dT

T0
and the relative momentum change dp

p0
is called the phase slip factor η with

η = αc −
1

γ2
. (2.9)

The phase slip factor shows that the revolution time T of a particle reaches a transition energy at

γt =
√

α−1
c , where the revolution time does not change for small momentum deviations. Below

transition energy (γ < γt), the increase in orbit length following Eq. 2.6 is outweighed by the increase
in particle velocity, resulting in a lower revolution time. Above transition energy for γ > γt, relativistic
e�ects constrain the velocity increase, making the orbit lengthening the dominating factor, thus
increasing the revolution time.

Considering the relation between arrival time change and momentum change, the time dependent
voltage of the RF structure can be used to apply higher voltages for particles with lower momentum and
vice versa, which is called the phase focusing e�ect. Figure 2.2 illustrates the phase focusing e�ect for a
synchronous particle above transition energy, where the synchronous phase is located on a downward
slope of the oscillating electrical �eld. For two particles with the same initial phase as the synchronous
particle, after one turn, the particle with higher energy arrives at a later phase, resulting in less energy
gain compared to the synchronous particle. A particle with lower energy arrives earlier and has an
increased energy gain. Thus, the phase focusing leads to dynamic changes of the longitudinal particle
position and its energy, which is best described in the longitudinal phase space.
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0 π/2 π 3π/2 2π

Phase ψ (rad)

−0.10

−0.05

0.00

0.05

0.10

∆
K

(G
eV

)

III IV

III

(b) ψs ≈ 0.9π

Figure 2.3: Schematic view of the trajectory of example particles in the longitudinal phase space [42]. Stable
trajectories are drawn as solid blue lines and unstable trajectories as orange lines. The border between both
cases is called separatrix, and the stable region RF bucket. In this case, the stable particles rotate clockwise in
phase-space, and the quadrants I-IV are highlighted to serve as references in the text. In the ideal stationary
case (a), the synchronous particle has a constant energy with RF phase ψS = π. The synchronous phase changes,
when the particle loses energy, e.g., by emitting synchrotron radiation, which leads to an asymmetric shape of
the separatrix (b).

2.1.1.4 Longitudinal phase space

The longitudinal particle dynamics can be visualized in phase space diagrams, which in general show a
longitudinal coordinate on the x-axis and the energy on the y-axis. For continuity with the example
from Fig. 2.2, the phase space in this example is spanned using the phase ψ of the particle arriving at
the accelerating structure on the x-axis and the kinetic energy deviation from the synchronous particle
∆K = K −KS on the y-axis. An example is presented in Fig. 2.3 for the simpli�ed case of no energy
loss (a) and the case for a constant energy loss per turn ∆Wconst (b). These calculation parameters
of these plots are roughly based on KARA with an electron energy of 2.5 GeV, but with an arbitrary
energy loss per turn in Fig. 2.3b for illustration purposes.

Within a certain range of particle phase and energy, the particle trajectory is a stable closed loop. The
border between the stable and unstable region is called separatrix and the stable region is called RF
bucket. The energy loss causes a shift of the phase of the synchronous particle from ψS = π to a slightly
smaller phase to achieve a larger RF voltage (see Fig. 2.2b), which compensates the energy loss. The
result is an asymmetric separatrix, because the synchronous phase on the RF voltage moved away from
the symmetry point.

Multiple particles (e.g., in the order of 1010 electrons at KARA and 1011 electrons or positrons at
FCC-ee) within the RF bucket form a particle bunch. In context to the Frenet-Serret coordinate system
(see Chapter 2.1.1.2), the phase axis is inverse to the longitudinal coordinate z, because the particle
arrival time at the RF increases with the phase angle. Thus, the tail of a particle bunch is positioned in
phase space toward larger phase angles and the head of the bunch toward smaller phase angles.

US = q · VRF(ψS) = q · V0 · sin(ψS) = ∆Wconst (2.10)

with the additional constraint to be on a downward slope similar to the example in Fig. 2.2 in order to
enable phase focusing.
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2 Basics of beam dynamics and electro-optical beam instrumentation

In the phase space diagram, the synchronous particle is a stationary point at (ψ,∆K) = (ψS, 0). In
order to understand the principle of particle motion in phase space, it is useful to follow a single o�-
momentum particle, which starts at the same phase, but a slightly higher energy (ψS,∆K1). Following
Eq. 2.8, after one revolution this particle will arrive in quadrant I at a slightly later time and therefore
slightly later phase ψ1 > ψS at the accelerating voltage VRF(ψ1). Consequently, the phase focusing
causes a smaller energy gain U(ψ1) < Wconst and an e�ective energy loss over the next turn. As long
as the particle is still in quadrant I, it gains less kinetic energy than the previous turn, but still maintains
∆K > 0 and therefore the phase increases. This continues until the particle energy drops below the
energy of the synchronous particle, where the phase starts to decrease again (quadrant IV). Once the
phase is smaller than the synchronous phase, the particle starts to gain energy again (quadrant III).
When the energy increased above zero (∆K > 0), the phase decreases again in quadrant II. Continuing
this scheme every turn results in a closed trajectory in phase space around the synchronous particle.

This example is only true for small amplitudes, such that the restoring force of the RF �eld VRF is
approximately linear. However, particles with a large energy-phase deviation to the synchronous
particle follow an open trajectory and drift away over time. The border between the stable and unstable
region is called separatrix and is highlighted as a bold black line in Fig. 2.3. The inside of the separatrix
is called a RF bucket and can hold multiple particles to form a stable particle bunch.

2.1.1.5 Synchrotron motion

The oscillation of a single particle in longitudinal phase space is called the synchrotron motion, with its
revolution frequency called synchrotron frequency. If the centroid of a particle bunch is displaced from
the synchronous particle, it also follows a closed-trajectory motion with the synchrotron frequency.
This synchrotron oscillation can be measured with longitudinal diagnostics like an EO monitor, which
makes it an important aspect for this thesis.

The synchrotron motion can be described by a di�erential equation of a damped harmonic oscilla-
tor [41]

∆K̈ + 2as∆K̇ +Ω2∆K = 0 (2.11)

which includes an additional damping factor

as =
1

2T0

dW

dK
(2.12)

and the synchrotron frequency

Ω = 2πfrev

√

−qV0h cos(ψS)

2πβ2K
η. (2.13)

So far, the losses per turnWconst were assumed constant. However, the losses through synchrotron
radiation depend on the particle energy (see next section), which adds the damping factor as to the
synchrotron motion. The damping rate is generally smaller than the synchrotron frequency as ≪ Ω,
which leads to the solution of a damped harmonic oscillator with

∆K(t) = ∆K0e
−asteiΩt (2.14)
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2.1 Beam dynamics

to describe the synchrotron motion in phase space.

The synchrotron frequency Ω is typically smaller than the revolution frequency, which enables to
calculate Ω using turn-by-turn measurements of the bunch arrival time. At KARA for example, the EO
measurements in Ref. [35] determined a synchrotron frequency in the order of 10 kHz at a revolution
frequency of fKARArev ≈ 2.71MHz for the speci�c machine settings during the experiment.

2.1.1.6 Synchrotron radiation

If a charged particle is accelerated, it emits electromagnetic waves. This is described in general by the
theory of classical electrodynamics, for example in Jackson [44]. In particle accelerators, this mainly
occurs as synchrotron radiation, when the particles are accelerated perpendicular to their movement
direction by magnetic �elds. In circular accelerators, the synchrotron power is given by

PSR =
q2c

6πϵ0

γ4

R2
=

q2c

6πϵ0

(
K

m0c2
+ 1

)4 1

R2
(2.15)

with the rest mass m0, kinetic energy K and the bending radius R [41]. Due to the scaling with
1/m4

0, the synchrotron power is multiple orders of magnitude larger for lighter particles like electrons
(mec

2 ≈ 0.511MeV) compared to heavier particles like protons (mpc
2 ≈ 938.19MeV). Consequently,

electrons are the particle of choice for synchrotron light sources, which aim to produce high intensity
synchrotron radiation. However, the additional scaling with the fourth power of the kinetic energy
makes energy losses through synchrotron radiation a limiting factor for accelerators aiming at highest
particle energy. As discussed in Chapter 1, the FCC-ee has a set limit of PSR < 50MW per beam, which
restricts the maximum beam current for a given particle energy [9].

The energy loss per turn can be calculated by multiplication of the synchrotron power by the time Tb,
which the particle takes to pass the bending sections

∆WSR = PSR · Tb (2.16)

For electrons with γ >> 1, the energy loss can be calculated using the simpli�ed formula

∆W e
SR[keV] = 88.5

K4[GeV4]

R[m]
. (2.17)

As an example, the typical measurement scenario at KARA with a particle energy of 1.3 GeV and a
bending radius of R = 5.559m results in a loss per turn of ∆WKARA

SR = 45.5 keV.

Since the losses are energy dependent, they are the main contribution to the damping factor as of the
synchrotron motion (see Eqs. (2.11, 2.12)).
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2 Basics of beam dynamics and electro-optical beam instrumentation

2.1.1.7 Bunch length and energy spread

Energy spread and bunch length are key parameters that characterize the size of a bunch in longitudinal
phase space. Understanding these parameters requires transitioning from the incoherent motion of
individual particles to the statistical description (coherent motion) of a particle bunch in phase space,
typically containing billions of particles.

Consequently, a large amount of particles with individual phase space trajectories can form a stable
particle bunch with a certain energy distribution and bunch length. If not stated otherwise, the bunch
length in this thesis is quanti�ed as the root mean square (RMS) bunch length

σz =

⌜
⃓
⃓
⎷ 1

N

N∑

i=1

(zi − z)2 =

√

1
∑

j I(zj)
∑

i

(zj − z)2 · I(zj), (2.18)

with the Number of particles N with individual position zi and mean position z. If appropriate, a
Gaussian �t is often applied if the data is noisy. The resulting RMS of the Gaussian function is equal to
its standard deviation and typically provides more consistent results. For short particle bunches or laser
pulses, it is common to de�ne its longitudinal variable via the arrival time t (see Chapter 2.1.1.2), which
leads to a bunch duration σt as an equivalent metric to the bunch length σz . As the particle bunches
are typically at relativistic speeds, the quantities are approximately linearly related via σt ≈ σz/c and
sometimes used synonymously.

Longitudinal pro�le measurements of an EO monitor typically result in a discrete intensity pro�le,
where the RMS bunch length can be calculated with the intensities I(zj) as weights for the sum over
each measurement point zj .

The energy spread is de�ned similarly, by

σE =

⌜
⃓
⃓
⎷ 1

N

N∑

i=1

(Ei − E)2 (2.19)

with the individual particle energy E i and the mean energy E .
The damping rate through synchrotron radiation leads to a decreasing bunch length, until it is in
equilibrium with the quantum excitation rate. The quantum excitation is a stochastic e�ect of quantum
�uctuations caused by the emission of photons into synchrotron radiation [45]. The bunch length in
this equilibrium state is called the natural bunch length (or sometimes zero current bunch length) and
it is de�ned by [21]

σz =
c|η|
Ω

σE
ES

=
c√

2πfrev

√

ηES
qV0h cosψS

σE
ES
. (2.20)

The natural bunch length is an important parameter, because it sets the baseline for the minimum
achievable bunch length, and it can be adjusted during operation. The most important variables are the
inverse dependency on the RF voltage V0 and on the phase slip factor η, which can be adjusted via the
strength of quadrupole magnets.
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2.1 Beam dynamics

The actual bunch length in synchrotrons will di�er from the natural bunch length, since additional
e�ects like space charge, impedance from the vacuum chamber and other structures as well as other
collective e�ects will lead to longer bunches. The following sections will mainly concentrate on the
impact of geometric impedances, as it needs to be considered for the design of an in-vacuum EOmonitor.
Many other e�ects are described in Chao [45].

2.1.2 Impedance and wake function

Impedance and wake function are two complementary representations of the same physical phe-
nomenon: the impedance Z is a description in frequency domain, while the wake function W is a
description in time domain. The various facets of wake function and impedance lie beyond the scope of
this thesis and a comprehensive treatment can be found in sources such as in Ng [46], Wiedemann [21]
and Li [47]. This section is intended to outline the principles necessary for understanding the in�u-
ence on longitudinal beam dynamics and to recognize characteristic features that will appear in the
measurement data in later chapters.

The wake function W characterizes the electromagnetic impulse response of a given structure as a
charge normalized voltage ([W] = 1V/C) and is therefore a de�ning parameter for the e�ect of the
vacuum chamber on the bunch pro�le and beam dynamics. In general, the wake function is proportional
to the integrated Lorentz force experienced by a probe particle following a unit source particle through
a given structure [47]. The electromagnetic �elds that enable this force can be produced by a variety of
di�erent sources, typically described as collective e�ects.

Although the wake function is an important property of a given structure in an accelerator, it is nearly
impossible to calculate it analytically for a real particle accelerator due to the complex geometry and
material properties of the surrounding material. Consequentially, electromagnetic solvers such as
the wake�eld solver of CST Studio Suite [48] can be used to numerically compute the wake �eld EW

([EW ] = 1V/m) of a particle bunch by solving Maxwell’s equations for a particle bunch traveling
through a given structure. By integrating the wake �eld over time or longitudinal position, the wake
potential VW ([VW ] = 1V) can be obtained. To retrieve the wake function, one must perform a
deconvolution of the bunch pro�le with the wake potential. Since deconvolution in general is an
ill-posed problem, it is usually addressed by transforming the signals from time domain to frequency
domain. There, the deconvolution simpli�es to a division of the wake potential’s spectrum by the
bunch pro�le’s spectrum, yielding the structure’s impedance Z .

The impedance is a complex quantity which is often referenced to characterize the structures of an
accelerator, since it can be used to directly deduct some key impacts on the particle beam dynamics.
While the real part ℜ(Z) of the impedance describes the energy loss through heat, the imaginary part
ℑ(Z) describes the energy storage in the wake �eld. This can generally have a shortening e�ect on
the bunch for a capacitive impedance ℑ(Z) < 0 or a lengthening e�ect for an inductive impedance
ℑ(Z) > 0. In general, the impedance for wavelengths λ = c/f ≫ σz , results in a coherent e�ect
across the bunch. It can be described as a distortion of the RF voltage waveform (potential well
distortion), which can lead to a change of the synchronous phase ψS and the synchrotron frequency
Ω [21]. Consequentially, the bunch length is also a�ected with σz ∝ 1/Ω, following Eq. 2.18. On the
other hand, impedance for λ≪ σz results in modulation within the bunch pro�le.

An example is the impedance of the coherent synchrotron radiation (CSR) [49], which can cause the
micro-bunching instability, leading to dynamic formation of sub-structures in the longitudinal phase
space [50]. The CSR impedance is the result of a self-interaction of a single bunch with its emitted
synchrotron radiation. Since the synchrotron radiation is emitted within a cone tangentially to the
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2 Basics of beam dynamics and electro-optical beam instrumentation

bunch’s circular trajectory, part of the synchrotron light trajectory is on the inside of the bunch’s orbit.
Thus, the emitted light from the tail of the bunch can catch up and hit the head of the bunch, when it
crosses the bunch’s orbit again after a short travel time. This e�ect on the bunch can be approximated
with the free space CSR impedance [51]

ZCSR, FS(n) ≈
Z0Γ

(
2
3

)

31/3

(√
3

2
+
i

2

)

n1/3, (2.21)

with n = f
frev

, the vacuum impedance Z0 =
√

µ0

ε0
≈ 377Ω, and the mathematical gamma function

Γ [52]. To include the dimensions of the vacuum chamber, an approximation with a parallel plate
impedance model can be made, which is described in Ref. [51], and for KARA in particular, a description
can be found in Ref. [53]. The CSR impedance can result in the micro-bunching e�ect, characterized by
strong bursts of CSR that limits the beam current for stable operation at electron storage rings, which
is studied extensively at KARA [54–58].
Geometric impedances from devices or structures within the vacuum chamber are typically estimated
with numerical simulations, which will be presented in later chapters. As the impedance interacts with
the particle bunches, it needs to be reduced as much as possible for FCC-ee to optimize the stability
of the beam collision conditions [9, 59]. Thus, the impedance is an important parameter for the EO
monitor design.

2.1.3 Electric field of relativistic particles

Beam diagnostics like electro-optical bunch pro�le monitors, beam position monitor (BPM)s and many
more rely on direct or indirect measurements of the electrical �eld, which changes its shape at relativistic
velocities. To get an idea of the longitudinal Lorentz contraction of the Coulomb �eld, the following
section provides an example based on a single point-like charge.

The electric �eld lines of a charged particle at rest are pointing either radially away from the particle

if it is positively charged, or toward it in case of a negative charge. The electric �eld E⃗
′
(r′) of a

charge q1 at rest is described by the Coulomb force F⃗
′
(q2, r⃗

′) on a probe charge q2 with distance
r′ =

√

x′2 + y′2 + z′2 divided by its charge

E⃗
′
=
F⃗ (q2, r⃗

′)

q2
=

q1
4πε0

r̂′

r′2
, (2.22)

where r̂′ is the unit vector pointing from q1 to q2 and ε0 the vacuum permittivity.

The Lorentz transformation can be used to transform the coordinates (t′, x′, y′, z′) from the rest frame
of the charge to (t, x, y, z) in a laboratory frame, in which the charge is moving in z direction with
velocity v. The relation between the coordinates of both frames is described by

t′ = γ(t− vz

c2
),

x′ = x,

y′ = y,

z′ = γ(z − vt) (2.23)
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with the Lorentz factor γ = 1/
√

1− (v/c)2.

Additionally, the transformation of the electrical �eld follows

Ex = γ
(

E′
x +

v

c
B′

y

)

,

Ey = γ
(

E′
y −

v

c
B′

x

)

,

Ez = E′
z. (2.24)

with magnetic �eld B′
x = 0 and B′

y = 0 in the rest frame of the point charge [44, p. 644 �].

In order to calculate the electric �eld in coordinates of the laboratory frame, the combination of Eq. 2.24
and Eq. 2.23 results in

Ex =
q1

4πε0

γx

(x2 + y2 + γ2(z − vt)2)3/2
,

Ey =
q1

4πε0

γy

(x2 + y2 + γ2(z − vt)2)3/2
,

Ez =
q1

4πε0

γ(z − vt)

(x2 + y2 + γ2(z − vt)2)3/2
. (2.25)

In the x-y plane at z = 0, the �eld strength scales with γ, while the width of the �eld scales approxi-
mately with 1/γ2 for (γx)2 ≫ x2, y2. As a result, a moving particle is compressed in the direction of
movement to a pancake-like shape.

In order to visualize this e�ect, examples are presented in Fig. 2.4, where the absolute strength of the
electrical �eld and its components are plotted in the x-z-plane for di�erent particle velocities. The �eld
is calculated based on Eq. 2.25 for an electron with q = −e at t = 0. The y-range of [−5 cm, 5 cm] of
the plot is chosen to be in the typical order of magnitude of the vacuum chamber of particle accelerators.
To highlight the shape of the electric �eld, it is mapped to a symlog-scaled discrete color map, which
shows regions of similar �eld strength in the same color. The �gure contains four columns, each for a
di�erent particle velocity. Instead of the particle velocity, usually the particle energy in units of eV or
the Lorentz factor is stated in context of particle accelerators, since the velocity is typically close to the
speed of light. The four columns in the plot correspond to K = {0 eV, 0.5MeV, 5MeV, 50MeV}
(γ ≈ {1, 1.98, 10.78, 98.85}).
With increasing energy, the total electrical �eld E goes from spherically symmetric in the �rst column
to approximately a thin vertical line at the last column. This generally applies to the individual �eld
components Ez, Ey , too, but it is important to note that Ez includes a zero crossing at x = 0.

The detailed shape becomes more obvious when looking at the longitudinal pro�le of the electrical
�eld, which is presented in Fig. 2.5. It shows the strength of the electrical �eld E (solid blue line) and
its components Ex (dashed orange), Ey (dotted green) along a line at y = 1 cm parallel to the x-axis.
The plots clearly show the longitudinal compression of the �elds and the increase in peak amplitude
with increasing particle energy.

This is an important e�ect for measurements of the longitudinal bunch pro�le, because the �eld of
an electron bunch is a superposition of the �eld of its individual electrons. If a detector is placed for
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2 Basics of beam dynamics and electro-optical beam instrumentation

Figure 2.4: Plots of the Lorentz contraction of the Coulomb �eld at di�erent kinetic energies of an electron. The
higher the kinetic energyK , the stronger the �eld is compressed. The three rows show the strength of the total
Coulomb �eld Etotal and its components Ex and Ey . The columns show the electron at increasing kinetic energy
K , with the electron moving in positive z direction. The �eld strength is mapped to a discrete symlog color map
to highlight the shape of the �eld. The horizontal lines in the last column indicate the axis position of the plots
in Fig. 2.5.

Figure 2.5: Electrical �eld strength and its components at a distance y = 1 cm to an electron that moves along
the z axis . The kinetic energy K is increasing for every plot from left to right, which also demonstrates the
longitudinal Lorentz compression of the �eld. The solid blue line represents the total electrical �eld E, while Ex

is displayed as a dashed orange line and Ey as dotted green line. For better readability, the y-axis has a symlog
scaling.
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example at (0 cm, 1 cm), the measured electrical �eld directly corresponds to the longitudinal charge
density of the bunch only if the �eld of the single electrons is approximately a vertical line. Otherwise,
the measured electrical �eld will be broader than the actual longitudinal charge density. As a result, for
bunch pro�le monitors that rely on measurements of the electrical �eld, a low particle energy distorts
the measurement and the width of the electric �eld needs to be considered. However, at FCC-ee, the
electron and positron energies are above 45GeV (γ > 89 000) and the EO crystal of the EO bunch
pro�le monitor needs to be positioned at a distance in the order of centimeters to the beam center.
Thus, the e�ect of the vertical opening angle on the EO monitor resolution is negligible.

2.2 Electro-optical techniques

In general, electro-optical (EO) methods convert an electrical signal into an optical signal. Typically,
crystals are used that change their optical properties when they are exposed to an electric �eld, which
can be probed with a laser. The key advantage of this conversion lies in the high bandwidth and low-loss
at high frequencies of optical signal transport and analysis compared to its electrical counterpart. This
is particularly bene�cial in the context of particle accelerator diagnostics, where often a sub-picosecond
resolution is desired to resolve the longitudinal bunch pro�le and frequencies toward the THz regime.

While EO methods have been popular in THz spectroscopy for a long time [60], their �rst test as a
longitudinal bunch pro�le diagnostic was done in 2002 [28] at the FELIX free electron laser facility in
the Netherlands. In 2012, the �rst in-vacuum EO bunch pro�le monitor was installed in a storage ring
at the Karlsruhe Research Accelerator (KARA) [27, 33]. In the storage ring, the EO monitor enabled to
reconstruct the dynamics of the longitudinal phase space using tomography methods [13, 16, 61].

Although many improvements have been made over the years, for example enabling turn-by-turn
single-shot measurements [35], the EO bunch pro�le monitor is still no o�-the-shelf product. This
is mainly due to its complexity of the laser system and its synchronization, as well as the need to
adapt the system to the speci�c beam parameters. Parameters like bunch length and bunch charge
require adjustments of the crystal thickness, its distance to the particle beam and the chirp and length
of the laser pulse. The crystal material is chosen based on the laser system, the required sensitivity and
desired resolution. When integrating the EO monitor in the accelerator, its design of the crystal and
crystal holder needs to match the impedance requirements. Additionally, EO monitors like at KARA,
free electron laser in Hamburg (FLASH), or European XFEL (European XFEL) are typically designed
for short bunches, hence, a redesign is necessary to enable measurements with the longer bunches at
FCC-ee.

The following sections provide an overview of how electro-optical detection works, and discusses the
bene�ts and drawbacks of di�erent EO techniques.

2.2.1 The electro-optical effect

In this section, the fundamental principles of the EO e�ect are speci�cally summarized to support
the use case of the longitudinal bunch pro�le monitor. A comprehensive discussion, including other
applications of the EO e�ect, can be found in Saleh and Teich [62], which served as the primary
reference for this subsection in combination with a more speci�c description of EO beam diagnostics
by Ste�en [26].

In certain transparent materials, typically semi-conductors, the refractive index n changes if an electrical
�eldE is applied. This is called the electro-optical e�ect. The change in refractive index is typically very
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2 Basics of beam dynamics and electro-optical beam instrumentation

small, but it is important to note, that even a small change in refractive index can have a large impact
on the phase of light traveling through the medium. For example, for a small refractive index change
of ∆n = λ/dλ = 10−4, a laser with λ = 1 µm wavelength will have a phase shift of ∆ϕ = 2π over
a distance of d = 1 cm in the medium1. Since the changes of n(E) are small, it can be approximated
with a Taylor expansion around E = 0

n(E) = n0 + n1E +
1

2
n2E

2 + ... (2.26)

However, crystals with a cubic structure like zinc telluride (ZnTe) and gallium phosphide (GaP), which
are used for the EO measurements in this thesis, become anisotropic through the EO e�ect. Hence, the
refractive index di�ers for di�erent orientations of incident light and its polarization. While a single
refractive index is su�cient for isotropic materials, anisotropic material requires a three-dimensional
index ellipsoid

x⃗TSx⃗ =
∑

ij

Sijxixj = 1, i, j = 1, 2, 3, (2.27)

where S is called the impermeability tensor [62, p. 989] and x⃗ =
[
x1 x2 x3

]⊤
are the coordinates

along the principal axes, which describe the coordinates along the semi-axes of the index ellipsoid. The
impermeability tensor is generally symmetric in Sij = Sji and since the coordinate components xi are
aligned with the optical axes, it results in a diagonal matrix with Sij = 1/n2i , for i = j. Therefore, the
index ellipsoid simpli�es to

(
x1
n1

)2

+

(
x2
n2

)2

+

(
x3
n3

)2

= 1. (2.28)

Thus, the length of the coordinates x1, x2, x3 corresponds to the principal refractive indices n1, n2, n3.

The index ellipsoid can be used to calculate the phase shift experienced by an incident laser light with
wave vector k⃗. The cross-section of the index ellipsoid in the normal plane of k⃗ de�nes the index ellipse
of the traveling wave, which is illustrated in Fig. 2.6. The major and minor axes of the ellipse de�ne a
slow and fast optical axes ns, nf that a�ect laser light. The slow optical axis describes the direction
with highest refractive index of the ellipse, hence the parallel polarization component of laser light
propagates slower, while the fast optical axis describes the direction with lowest refractive index, where
the corresponding polarization component propagates faster. A material with a fast and slow optical
axis is called birefringent.

The polarization of a linearly polarized laser can be deconstructed into one component on the fast
and one component on the slow optical axis. The di�erence between these two axes de�nes the phase
retardation between the two polarization components of the laser light

Γ =
2π

λ
d(ns − nf) (2.29)

along the crystal with thickness d. This phase retardation can be measured by analyzing the polarization
state of a probe laser and it is the general mechanism on which the EO detection techniques are based

1 with phase ϕ = 2π n·d
λ

results ∆ϕ = 2π∆n·d
λ

. Thus for∆ϕ = 2π: ∆n = λ/d
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Figure 2.6: Illustration how the index ellipsoid can be used to determine the fast and slow optical axes nf , ns of

an incident wave traveling in direction k⃗. Based on Ref. [62].

on. The following paragraphs provide an overview on the relation between the electrical �eld strength
and the index ellipsoid, which �nally de�nes the phase retardation.

For typical EO materials like GaP and ZnTe, the index ellipsoid becomes anisotropic if an electric �eld
E⃗ is applied, which means that the impermeability tensor S is modi�ed. Following Eq. 2.26, the EO
e�ect can be described with a Taylor expansion

Sij(E⃗) = Sij +
∑

k

rijkEk +
∑

kl

sijklEkEl + ..., i, j, k, l = 1, 2, 3 (2.30)

with the Pockels coe�cient rijk and the Kerr coe�cient sijkl [62, p. 990]. As indicated by the coe�cient
names, the linear e�ect is called Pockels e�ect, while the quadratic e�ect is called Kerr e�ect.

Since this thesis focuses on the application of an EO bunch pro�le monitor using GaP or ZnTe, some
simpli�cations can be made based on the crystal properties and the symmetries of its cubic crystal
structure. Firstly, the EO coe�cients of these materials are in the order of [26, p. 33]

rijk ≈ 1× 10−12m/V,

sijkl ≈ 1× 10−21m2/V2. (2.31)

In this use case, the typical maximum electric �eld strength during bunch pro�le measurements is in
the order of E⃗ ≈ 1 × 106V, resulting in

∑

k rijkEk ≫
∑

kl sijklEkEl. Therefore, the Kerr e�ect is
about a factor 1 000 smaller than the Pockels e�ect and neglected in the following calculations of this
thesis.

Secondly, the symmetry of S allows simplifying the Pockels coe�cient tensor to a matrix with
rwk, w = 1, 2, ..., 6, k = 1, 2, 3, where the index k is de�ned by convention through the combina-
tion of i, j. A lookup table for the conversion is presented in Tab. 2.1.
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2 Basics of beam dynamics and electro-optical beam instrumentation

Table 2.1: Lookup table to for the index w of the Pockels coe�cient rijk → rwk [62, p. 990].

j\i 1 2 3

1 1 6 5
2 6 2 4
3 5 4 3

−n0 0 n0

x2

−n0

0

n0

x
3

~E = 0

~E = ~E1

Figure 2.7: Illustrative examples of the cross-section in x2-x3 plane of the index ellipsoid according to Eq. 2.33.
It presents the cross-section without an applied electric �eld (blue) compared to the cross-section with an

orthogonal electrical �eld E⃗1. The EO e�ect causes the cross-section to change from a circle to a rotated ellipse,
which has its major and minor axes on the diagonal between x2 and x3 (orange dashed line).

The third and last simpli�cation originates in the high symmetry of the zinc-blende structure of GaP and
ZnTe, which results in on only one independent value in the Pockels coe�cient matrix [62, p. 991]

r =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 0 0
0 0 0
0 0 0
r41 0 0
0 r52 0
0 0 r63

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

, with r41 = r52 = r63. (2.32)

The application of these simpli�cations to Eq. 2.27 lead to the index ellipsoid [26, p. 34]

x21 + x22 + x23
n20

+ 2r41 (E1x2x3 + E2x3x1 + E3x1x2) = 1. (2.33)

It expresses how the optical properties of the crystal change, depending on the amplitude and direction
of an applied electrical �eld E⃗.

To clarify the meaning of Eq. 2.33, consider the following examples: If no electrical �eld E is applied,
the resulting ellipsoid is a sphere with radius n0. If a �eld E⃗ = E⃗1 is applied, the principle refractive
index in direction xi is still ni = n0, but the radius changes in-between the axes x2, x3. An example of
the change in the x2-x3-plane is presented in Fig. 2.7, which illustrates that the applied �eld E1 leads
to a rotated ellipse in x2-x3 plane, with its major and minor axis on the diagonals between the original
principle axis x2 and x3. The major and minor axis de�ne the new slow and fast optical axes. Using
Eq. 2.33 with E⃗ = E⃗1 and x1 = 0, the length of the major and minor axis can be calculated by �nding
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Figure 2.8: Illustration of the (110) plane in a cubic
crystal lattice. It is the plane in which EO crystals
are typically cut to optimize the measurement sen-
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Figure 2.9: Illustration of the typical crystal axis ori-

entation relative to the laser polarization E⃗ laser and the

relativistic electron beam Coulomb �eld E⃗C. The slow
and fast optical axis ns, nf are shown as vectors within
the index ellipse, which is perpendicular to the laser

propagation direction k⃗. The electron beam propagates

parallel to k⃗ along z, but o�set in −x direction next to
the EO crystal.

the points for which x2 = x3, and calculate their distance to the origin. The length of the major and
minor semi-axes results to

nf,s = n0

√

1

1± n20r41E1
. (2.34)

2.2.2 Optimal alignment of crystal, E-field and laser

In order to achieve optimal sensitivity of an EO bunch pro�le monitor, crystal structure, E-�eld vector
and laser polarization need to be aligned such that the modulation of the laser polarization is maximized
for a given E-�eld strength. Additionally, the laser must propagate through the crystal in parallel to the
particle bunch to enable the encoding of the bunch pro�le onto the pro�le of the laser pulse. Hence,
the laser pulse travels perpendicular to the direction of the Lorentz-compressed Coulomb �eld (see
Chapter 2.1.3). This section provides an example of how an optimal alignment can be achieved with
commonly available EO crystals.

The phase retardation Γ from Eq. 2.29 quanti�es the accumulated phase retardation between the two
polarization components on the slow and fast optical axes for a laser propagating through the crystal.
In EO monitors, the change of the total laser polarization is measured, hence a larger phase retardation
leads to a stronger signal. Thus, to optimize the crystal alignment for EO experiments, the phase
retardation should be maximized. The strongest polarization modulation is obtained, when the laser
polarization is oriented at a 45° angle with respect to the slow ns and fast nf axes. In this orientation,
the electrical �eld of the laser has equal components along both axes, which maximizes the e�ect of
the phase retardation on the total polarization state.

Since the geometry of available EO crystals and their structure is important for the crystal orientation,
it is convenient to discuss directions with the common notation in Miller indices [63]. Planes are
denoted by parenthesis, e.g., (hkl), while directions are indicated by square brackets, e.g., [hkl], with
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2 Basics of beam dynamics and electro-optical beam instrumentation

negative indices written with a bar on top, such as [1̄10]. Hence, the direction of x1 is denoted as [100],
x2 as [010] and x3 as [001].

The previous example in the discussion of Eq. 2.33 has shown, that an applied electrical �eld E1 in
direction [100] modulates the refractive index along the diagonals of the (100) plane such, that it
develops an index ellipse with its minor (fast optical axis) and major (slow optical axis) axis along [011]
and [01̄1]. However, the crystals are usually cut and polished in the (110) plane for having a normal
incident probe laser in k⃗ = [110] direction. The directions and planes of the (110) cut of the typically
used Zincblende crystal lattice are illustrated in Fig. 2.8. With this crystal orientation, the E-�eld vector
as well as the laser polarization is also found in the (110) plane.

Similarly to the previous example, the resulting fast and slow axes of the index ellipse can be calculated,
but additional coordinate transforms are required to account for the di�erent lattice orientation.
Following the calculations in Ste�en [26, pp. 34 �] and Casalbuoni [64], the phase retardation in this
orientation results in

Γ =
2π

λ
d(ns − nf) =

π

λ
n30r41E0

√

1 + 3 cos2(α). (2.35)

This assumes the E-�eld vector in the (110) plane with angle α to the [110] axis and amplitude E0.
Since the phase retardation Γ is proportional to the di�erence of n1 and n2, it is at maximum for α = 0,
which means that the electrical �eld vector of the Coulomb �eld E⃗C should be oriented parallel to the
[110] direction.

In this orientation, the phase retardation is at maximum and simpli�es to

Γ =
2π

λ
dn30r41E0. (2.36)

Finally, Fig. 2.9 presents a typical orientation of the EO crystal relative to the Coulomb �eld E⃗C and the
laser polarization. The axis labels indicate the directions of an Frenet-Serret coordinate system with the
transverse beam directions x, y and the longitudinal beam direction z to illustrate the crystal position
at a particle accelerator (see Chapter 2.1.1.2). The direction of the laser polarization is indicated by the
�eld vector E⃗laser of its oscillating electric �eld. The maximum phase retardation for an EO crystal with
a cubic structure with (110) cut is achieved, if the Coulomb �eld of the electron bunch E⃗C is parallel
to the [110] axis. Given that the Coulomb �eld is predominantly transverse for relativistic particles,
the electron beam trajectory is indicated next to the crystal along z, with a transverse displacement in
−x direction. To optimize the e�ect of the phase retardation on the resulting laser polarization, the
laser propagation direction k⃗ is parallel to z and its polarization direction should lie along the bisector
between the fast and slow optical axes. In this case, E⃗laser is parallel to E⃗C, resulting in equal �eld
components on the slow and fast optical axes ns, nf.

2.2.3 Principle and working point of an electro-optical monitor

A typical setup for an in-vacuum EO monitor at particle accelerators is depicted in Fig. 2.10, which is
similar to what has been used for example at KARA [27], FLASH [26] and European XFEL [29]. The EO
monitor contains a laser system to produce the required short laser pulses, an interaction module which
includes an EO crystal and is located at the vacuum chamber of the accelerator, and a detection system.
The EO monitor setups used in the context of this thesis at KARA, FLUTE and CLEAR are described in
detail in the corresponding chapters (Chapters 3.1.2, 3.2.2, 5.4). An EO monitor is designed to measure
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Figure 2.10: Overview schematic of a typical EO monitor setup. The EO monitor consists of a laser system, an
interaction module and the detection system. The interaction module is located at the vacuum chamber of the
accelerator and includes the EO crystal, which is positioned in-vacuum in vicinity of the particle beam. The
electric �eld of the particle beam is encoded into the polarization of the laser pulse via the electro-optical e�ect
in the crystal. The polarization analyzer converts the polarization modulation of the laser pulse into an intensity
modulation, which is analyzed with a detection system.

the longitudinal bunch pro�le, which correlates with the longitudinal charge density distribution of
charged particle bunches, by probing its Coulomb �eld with laser pulses via the EO e�ect in the EO
crystal. In order to achieve a good resolution, the particles must have relativistic speeds, leading to a
Lorentz-contracted Coulomb �eld (see chapter 2.1.3).

In the �rst step, a laser pulse is sent through an EO crystal, which is placed inside the vacuum chamber
in the vicinity of the trajectory of charged particle bunches. In the examples listed above, a GaP crystal
is used in combination with a pulsed laser with a central wavelength around 1 030 nm. The crystal
orientation follows the description in the previous section to maximize the phase retardation Γ, where
the laser pulses need to be linearly polarized and enter the crystal with the same orientation as the �eld
vector of the Coulomb �eld. Following Eq. 2.36, the phase retardation changes linearly with the electric
�eld strength, which is an important factor to reconstruct the bunch pro�le from EO measurements.
The probe laser pulses are typically linearly polarized before the crystal and the phase retardation
causes an elliptical polarization after the propagation through the crystal.

To enable measurements with a photodiode or a fast camera, a polarization analyzer is used to convert
the polarization modulation of the laser pulse into an intensity modulation. The polarization analyzer
includes a λ/4-waveplate at angle ϕ followed by a λ/2-waveplate at angle θ and a polarizing beam
splitter (PBS). The λ/4-waveplate allows compensating for any intrinsic birefringence of the setup
by changing an elliptical polarized laser pulse into a linear polarized pulse, if the angle ϕ is chosen
accordingly. The λ/2-waveplate can change the orientation of the linear polarization and the PBS only
transmits light with a certain polarization orientation, while the rest is re�ected at a 90° angle.

The angles ϕ and θ of the waveplates in the polarization analyzer are adjustable and de�ne the working
point of the EO setup. Its setting determines the default laser intensity on the detector, when the
laser is not modulated. For example, the waveplates can be oriented such, that the λ/4-waveplate
achieves a linear polarization of the laser and the following λ/2-waveplate rotates the polarization
to let the PBS re�ect all the light and transmit nothing. This polarization analyzer setting is called a
crossed-con�guration and can be used to calibrate the waveplate orientation and de�ne the angles to
ϕ, θ = 0.

In general, the resulting laser intensity is described by [26, pp. 42 f]
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Figure 2.11: Correlation between the laser intensity Idet(Γ) and the phase retardation Γ for two exemplary
working points (ϕ1 = 0◦, θ1 = 5◦ and ϕ2 = 7◦, θ2 = 2◦). Sub�gure (a) presents an overview of the normalized
laser intensity Idet(Γ)/Ilaser over one phase retardation period Γ = −180◦ to 180◦. The faint (desaturated) line
shows the complete phase retardation period, whereas the bold coloured line marks the typical phase retardation
range (∆Γ = −3◦ to 3◦) during KARA EOmeasurements. Sub�gure 2.11b presents the laser intensity modulation
Idet(Γ)/Idet(Γ = 0) in a zoom on KARA’s typical phase retardation range ∆Γ, as solid line and a linear �t as a
dashed line. While the �rst working point ϕ1, θ1 provides a positive correlation within ∆Γ, the second working
point ϕ2, θ2 has a negative correlation, which is not directly an issue for EO measurements. However, the �rst
working point provides a larger maximum modulation and it deviates less from the linear �t than the second
working point (R2

1
> 0.99, R2

2
≈ 0.98), hence it would be the preferred working point for EO measurements.

Idet(θ, ϕ,Γ) =
Ilaser
2

[1− cos(Γ− 2ϕ+ 4θ) cos2(ϕ) + cos(Γ + 2ϕ− 4θ) sin2(ϕ)], (2.37)

assuming an initial laser intensity Ilaser. In the search for an optimal working point, the goal is to
maximize the modulation of the laser amplitude while having a decent signal-to-noise ratio and an
approximately linear relation of Idet(Γ) within the expected range of Γ. Generally, the λ/4 waveplate
is typically set to ϕ = 0◦ to only compensate for the intrinsic birefringence of the EO crystal. This
simpli�es the equation to

Idet(θ, ϕ = 0,Γ) =
Ilaser
2

[1− cos(Γ + 4θ)], (2.38)

which highlights the sinusoidal proportionality of the laser intensity to the phase retardation Γ and the
λ/2-waveplate angle θ.

Figure 2.11 presents an example of the correlation between laser intensity Idet(Γ) and the phase
retardation Γ for a near-crossed working point with ϕ1 = 0◦, θ1 = 5◦ and a second working point
example ϕ2 = 7◦, θ2 = 2◦. The �rst working point has been experimentally determined to roughly
maximize the laser modulation for the given phase retardation during KARA experiments. The second
working point represents the estimated e�ective working point during the presented electro-optical
sampling (EOS) measurements in Chapters 3.1.3.1 and 4.2. In these experiments, a crystal temperature-
related e�ect likely caused a drift of the working point. At KARA EO measurements, the phase
retardation is typically expected to be in the range of∆Γ = −3◦ to 3◦ (see Chapter 4.1.2). As the range
∆Γ is small compared to a full period, Figure 2.11a presents an overview of the position of the phase
retardation range in context of a full phase rotation. For Γ = 0 (no modulation), the �rst working
point lies to the right of the minimum, while the second working point is positioned even nearer to the
minimum on its left side.
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The modulation of the laser intensity Idet(Γ)
Idet(Γ=0) over the retardation range ∆Γ is presented in Fig. 2.11b.

To evaluate the linearity of Idet(Γ), a linear function was �tted within the selected phase retardation
range, resulting in a coe�cient of determination of R2

1 > 0.99, R2
2 ≈ 0.98. This result con�rms, that

assuming a linear correlation between Idet and Γ is appropriate for the �rst working point , which
enables a linear mapping of the measured laser intensity to the longitudinal bunch pro�le with electro-
optical spectral decoding (EOSD) measurements. However, the second working point deviates visibly
from a linear function and provides a lower maximum modulation. Hence the �rst working point
is more suitable for EO measurements, due to its higher laser intensity modulation and improved
linearity across the given phase retardation range. To optimize the working point of a speci�c setup,
the noise level of the detection system and speci�c measurement parameters like the bunch charge
density, crystal distance to the particle beam and more need to be taken into account, which is typically
done experimentally [27]. For FCC-ee, the optimal working point is expected to require additional
investigation, too, because its larger bunch charge densities will increase the phase retardation range
∆Γ.

2.2.4 Electro-optical techniques

The principle of an EO monitor can be applied to di�erent EO techniques. An overview is presented in
Ref. [24], which includes electro-optical spectral decoding (EOSD), EO spatial encoding, EO temporal
decoding and EO transposition. The following explanation focuses on EOS and EOSD, because they
have a less complex setup that is more suitable for prototyping. They are established techniques that
are used at KARA and therefore provide a baseline for the development of an EO monitor for the
FCC-ee. The di�erent techniques require a similar setup of the interaction module including the crystal,
hence the adaption of a di�erent technique is also possible at a later stage. In particular, techniques like
electro-optic spectral interferometry (EOSI) [32, 65] and diversity electro-optic sampling (DEOS) [30,
31] could be employed with small setup changes to push the resolution limit.

This section aims to provide a brief overview of the EOS and EOSD principle. Detailed technical
descriptions of individual setups at KARA, Ferninfrarot Linac- und Test-Experiment (FLUTE) and
CERN Linear Electron Accelerator for Research (CLEAR) are presented in context of corresponding
measurements in later chapters.

2.2.4.1 Electro-optical sampling (EOS)

Figure 2.12 presents a schematic of an EO monitor with an EOS detection system. Electro-optical
sampling (EOS) measurements are multi-shot measurements, because the intensity of the laser pulses is
recorded and often averaged over multiple-shots, while the delay of the laser pulses is changed relative
to the particle bunch arrival time. The laser pulses are sent onto a photodiode (PD), and typically the
maximum of the detected pulse or the integrated pulse is used as a measure of the laser pulse intensity.
Hence, each laser pulse provides a single sample point that correlates with the laser pulse intensity. As
described in the previous Chapter 2.2.3, the EO crystal and the polarization analyzer of the interaction
module change the resulting laser pulse intensity relative to the electric �eld strength at the EO crystal.
Thus, the EOS technique samples the dynamics of the electrical �eld at the EO crystal, typically to
provide an overview of the Coulomb and following wake �eld of the particle bunches.

Its resolution depends strongly on the length of the probe pulse (see Chapter 2.2.5), and the uncertainty of
the laser delay. At setups like the one at KARA, the resolution is limited by the laser pulse length, because
longer laser pulses than the electron bunch length are required for single-shot EOSD measurements (see
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2 Basics of beam dynamics and electro-optical beam instrumentation

Figure 2.12: Overview schematic of a typical EO monitor setup with an EOS detection system. The intensity
of multiple laser pulses is recorded with a photodiode (PD) on an oscilloscope, while their relative delay to the
electron bunch arrival time changes. Each sampled datapoint is typically calculated by the maximum or the
integrated intensity of the laser pulse. As the laser intensity at the photodiode (PD) changes relative to the
applied electrical �eld strength at the EO crystal, this technique can be used to sample the Coulomb �eld and
following wake �eld of the electron bunch over multiple shots.

next section). However, EOS scans are faster to acquire and analyze, which makes it a key technique for
long-range wake�eld scans, for the optimization and benchmarking of the EO setup, and for identifying
the optimum laser pulse delay for subsequent single-shot EOSD bunch pro�le measurements. Thus, it
is also a bene�cial technique for the initial EO monitor commissioning, where long EOS time scans are
used to �nd a �rst signal.

For EOS measurements, the laser pulses are typically sent onto a photodiode (PD), for the analysis,
where an oscilloscope is connected to record the individual laser pulse intensity. If the laser repetition
rate is high, for example at KARA with 2.7MHz, a lock-in ampli�er can be used to analyze the PD
signal with an improved signal-to-noise ratio. EOS measurements and setups are discussed for KARA
in Chapter 3.1.3.1, FLUTE in Chapter 3.2.2, and CLEAR in Chapter 5.

2.2.4.2 Electro-optical spectral decoding (EOSD)

EOSD is based on the idea of encoding the bunch pro�le in the spectrum of a single laser pulse, which
enables to decode the bunch pro�le with a spectrometer. Generally, the longitudinal bunch pro�le
is encoded in the longitudinal pro�le of the probe laser pulse via the EO e�ect in the crystal (see
Chapter 2.2.3). To enable the encoding in the spectrum of the laser pulse, the laser pulse needs to be
chirped. The chirp of a laser pulse describes, how its instantaneous optical frequency varies with its
longitudinal coordinate (longitudinal position z or pulse duration t, see Chapter 2.1.1.2). For EOSD,
a linear chirped is desired to achieve a linear correlation of the laser pulse spectrum and the bunch
pro�le [26]. For example, a negative linear chirp refers to a laser pulse in which the instantaneous
optical frequency increases linearly from its head towards its tail. Hence, the spectrum of the laser
pulse also contains information about its longitudinal pro�le.

A schematic overview of an EO monitor setup for EOSD is presented in Fig. 2.13. A chirped laser pulse
passes through the interaction module, where the bunch pro�le is encoded into its spectrum via the EO
e�ect in the EO crystal and the following polarization analyzer. The detection system is a spectrometer
with a grating that disperses the laser pulse, turning its spectrum into a spatial spread. A line camera
captures the spectrally broadened pulse as an intensity pro�le. The resulting image with the intensity
over the pixel position maps to the laser pulse spectrum, hence it also contains the encoded bunch
pro�le.
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Figure 2.13: Overview schematic of a typical EO monitor setup with an EOSD detection system.

In order to decode the bunch pro�le, the following data is taken with the spectrometer:

• Background data BG: Taken while the laser light is blocked (no laser light on the sensor).

• Unmodulated data UD: Taken while the laser light has no interaction with the electron bunch
(Laser pulse timing is shifted to before the electron bunch arrives at the crystal).

• Modulated dataMD: Taken while the laser light interacts with the electron bunch (Laser pulse
timing is adjusted to overlap with the electric �eld of the electron bunch).

The modulationM of the laser light is calculated by

M =
MD −BG

UD −BG
− 1. (2.39)

The modulation directly maps to the bunch pro�le, if the laser pulse has a linear chirp and if laser
intensity changes linearly with the bunch-induced phase retardation in the EO crystal (see Chapter 2.2.3).
However, an additional calibration procedure is required to determine the bunch duration by mapping
the pixels of the line camera to a time-axis.

The pixels of the spectrometer camera can be converted to the time-axis by shifting the laser delay by a
known amount. The conversion factor is deducted by recording the position shift of the modulation
peak on the pixels of the camera. The laser delay can be shifted for example by a delay stage, or, if
possible, by adjusting the phase of the laser oscillator output directly. The resulting conversion factor
enables to convert the pixels of the camera into a time axis. However, the conversion factor is only
constant for a linear chirp of the laser pulse because the mentioned conversion factor is de�ned by the
slope of the chirp. Thus, scanning the laser pulse delay while recording the position of the modulation
peak also enables to estimate the chirp of the laser pulse across its spectrum. If the chirp is not linear,
the conversion factor changes along the pixels of the camera, which needs to be considered for the
time axis calculation.

As a result, the EOSD setup enables absolute measurements of the bunch duration and its pro�le,
without external calibration reference.

2.2.5 Time resolution and bandwidth limitations

The EO time resolution limit τ describes the smallest resolvable temporal structure of the complete
EO system, which is typically quanti�ed by the RMS length of the signal (e.g., the bunch length in
Chapter 2.1.1.7). The EO system thereby includes the full signal path, from the laser source to the �nal
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Figure 2.15: Electro-optic coe�cient r41(f) for
ZnTe (blue) and GaP. The EO coe�cient is approxi-
mately constant at lower frequencies with rZnTe
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≈

3.95× 10−12 m/V and rGaP
41

≈ 0.47× 10−12 m/V,
until it decreases exponentially and falls below half
its initial value at 4.95 THz and 6.09 THz. The cal-
culation is based on the description in [26, 64].

data acquisition. A related quantity of the time resolution limit is the system bandwidth BW , which is
typically de�ned as the frequency range of a system, over which the frequency remains within −3 dB
of its maximum value (equivalent to full width at half maximum (FWHM)).

The shape of the detected pulse is determined by a convolution of the signal shape and the system’s
frequency response, which is bandwidth-limited. As a result, the resolution limit is generally inversely
proportional to the e�ective bandwidth of the system, and also depends on the Fourier transform of
the signal shape. For a given pulse shape, the time-bandwidth product is constant and describes the
smallest achievable pulse length for a given bandwidth. This pulse length is called a transform-limited
pulse length. For example, the time-bandwidth product for a Gaussian pulse is given by [66]

τ FWHM ·BW FWHM ≈ 0.44 ⇒ τRMS ·BW FWHM ≈ 0.187. (2.40)

It is important to distinguish between the resolution limit and measurement uncertainty, which can be
smaller than the resolution limit. An example is provided in [29], where a bunch length of around 400 fs
was measured with an uncertainty of ∼17 fs, while the EO system had a resolution limit of 160 fs.

The resolution of EO measurements can be limited by multiple di�erent factors, depending on the
speci�c setup and the EO technique. For example, it can be limited by the size and material of the
EO crystal, the laser properties, and the data acquisition. This section aims to provide an overview of
the general limitations, while resolution limits of speci�c setups are discussed in the corresponding
chapters later in this thesis. The following resolution limitations serve as an estimation of the upper
resolution limit, but additional e�ects like laser pulse broadening in the crystal, or interactions with
other electromagnetic �elds from intracrystalline re�ections or Cherenkov di�raction radiation (ChDR)
can further impact the resolution limit.

2.2.5.1 Crystal material and size

The crystal material provides a fundamental limitation, because its lattice has certain resonance
frequencies. If an electromagnetic pulse with a matching frequency excites the lattice oscillation, its
energy is absorbed, causing a strong variation of the refractive index around the resonance frequency.
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Concerning EO experiments, the Coulomb �eld of the electron bunch can excite transverse optical (TO)
lattice oscillation, which prohibit EO measurements at this frequency [64]. Thus, the bandwidth of
EO measurements is limited by the crystal material to its lowest TO resonance. Figure 2.14 presents a
model of the refractive index in the THz range for the commonly used materials ZnTe and GaP, based
on description in [26, 64]. For low frequencies, the refractive index is approximately 3.18 for ZnTe and
3.24 for GaP, but it changes dramatically close the TO resonances at approx. 5.3 THz and 10.98 THz for
ZnTe and GaP, respectively.

Additionally, the EO coe�cient r41(f) of the crystal material is frequency-dependent, particularly at
frequencies close to the TO resonance. The phase retardation Γ of the probe laser scales linearly with
the EO coe�cient r41 (see 2.36), hence r41(f) can have an impact on the overall EO measurement
bandwidth. Figure 2.15 presents the EO coe�cients for ZnTe and GaP in the THz range, following the
calculations of [26, 64].

ZnTe has an approximately constant EO coe�cient rZnTe41 ≈ 3.95× 10−12m/V at lower frequencies,
until it sharply decreases close to the TO resonance, reaching half its initial amplitude at ∼4.95 THz.
GaP has a lower initial EO coe�cient rGaP41 ≈ 0.47 × 10−12m/V and a broader decrease toward its
TO resonance. Its EO coe�cient is therefore slowly decreasing and reaches half its original amplitude
at 6.09 THz. Thus, the e�ective bandwidth for EO measurements with GaP is reduced, but remains
greater than with ZnTe. This frequency dependent model of the EO coe�cient r41(f) of GaP is
derived from a model based on experimental data in the THz range, as presented in Ref. [26]. The
model accounts for the dispersion near the TO resonance and yields a reduced EO coe�cient at
low frequencies of r41 ≈ 0.47 × 10−12m/V compared to the commonly cited constant value of
r41 ≈ 0.97× 10−12m/V [67, 68]. The latter value is often used in simulations and comparative studies
and likely originates from reference value in a lower frequency range. However, the discrepancy between
these two values remains an open question in the literature, as far as the author is aware. In the following
chapters of this thesis, and in the simulations in particular, the spectral components in the lower GHz
range typically dominate the spectrum. Thus, the constant EO coe�cient r41 ≈ 0.97× 10−12m/V is
assumed for GaP and the approximately four times larger EO coe�cient r41 ≈ 4.04× 10−12m/V is
assumed for ZnTe, as suggested in [67].

Additionally, the bandwidth of the response function is reduced further by the phase mismatch of the
probe laser pulse and the THz-pulse of the electron bunch. The commonly used probe laser systems for
EO applications have a center wavelength of either ∼800 nm (∼375 THz), ∼1 060 nm (∼283 THz) or
∼1 550 nm (∼193 THz), while the broad spectrum of the bunch-induced THz pulse is typically below
the 10 THz mark. Thus, the frequency-dependent refractive index of the crystal di�ers for the probe
pulse and the THz pulse, causing a phase mismatch. The crystal material and probe laser wavelength
are deliberately chosen to minimize the di�erence and optimize the phase mismatch. For example, a
ZnTe crystal has a low phase mismatch in combination with a 800 nm probe laser, a GaP crystal with a
1 060 nm laser, or a gallium arsenide (GaAs) crystal with a 1 550 nm laser [68].

When matching the crystal material and the laser wavelength, a small phase mismatch remains, and
it accumulates over the propagated distance of the THz pulse and probe pulse within the crystal. In
EO monitors, this distance is typically determined by the thickness of the crystal. Hence, the phase
mismatch scales with the crystal thickness, making it a crucial factor when designing an EO setup.
The impact of the crystal thickness on the bandwidth of the EO signal is described with the geometric
response function

G(f) =
exp

(
i2π∆k(f, fprobe)d

)
− 1

i2π∆k(f, fprobe)
(2.41)
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Figure 2.16: Detection response R(f) of ZnTe and GaP for a selection of di�erent crystal thickness d. To
optimize the phase matching, a probe laser wavelength of 800 nm for ZnTe and 1 060 nm for GaP is assumed. The
detection response shows a reduction of the bandwidth for d = 3mm and 7mm, which is caused by additional
minima in the lower frequency region. However, a larger crystal thickness also increases the amplitude of the
detection response. While GaP has a larger bandwidth, especially at smaller crystal thickness, ZnTe has a larger
detection response amplitude due to its larger EO coe�cient r41.

with the frequency f , the probe laser frequency fprobe, the crystal thickness d, and the complex phase
mismatch

∆k(f, fprobe) =
f

c

(
ng(fprobe)− n(f)

)
, (2.42)

where the ng(fprobe) describes the group refractive index of the probe laser, and n(f) the complex
refractive index for the THz frequencies [67]. To simulate the EO detection response

R(f) = G(f)T (f)r41(f), (2.43)

the geometric response is multiplied by the surface transmittance of the crystal

T (f) =
2

n(f) + 1
(2.44)

and the EO coe�cient r41(f) [64].

Figure 2.16 presents the detection responseR(f) in the THz region for ZnTe and GaP at multiple crystal
thicknesses d. For ZnTe, an 800 nm probe laser is assumed with a refractive index ng(800 nm) = 3.24,
while a 1 060 nm probe laser is assumed for GaP with the refractive index ng(1 060 nm) = 3.3 [67].
Generally, ZnTe has a lower bandwidth for thinner crystals, but the detection response amplitude
is larger due to the greater EO coe�cient. For the crystal thicknesses of 3mm and 7mm, additional
minima in the detection response appear toward lower frequencies, which drastically reduces the
bandwidth. The 3 dB bandwidth is plotted in Fig. 2.17, which highlights the initially larger bandwidth
of GaP and the drastic drop in bandwidth for d = 3mm and d = 7mm.

Finally, the crystal quality needs to be taken into account as well. Defects in the crystal are sometimes
visible as black spots in the material, which likely impact the laser transmission through the crystal and
decreases the sensitivity. From personal experience, ZnTe crystals tend to have more visible defects
than GaP, but it also varies across di�erent vendors. Additionally, the surface �nish and potential
coatings have an impact on the �nal EO signal. Anti-re�ective coatings can be used to improve the
overall laser transmission through the crystal, while re�ective coatings can be used to guide the probe
laser onto a speci�c path.
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Figure 2.17: 3 dB bandwidth of the detection response (see Fig. 2.16) of ZnTe and GaP for multiple crystal
thickness. The bandwidth decreases for thicker crystals, but not linearly. While GaP has a larger bandwidth for
smaller crystal thicknesses, it reduces drastically for d = 3mm and d = 7mm, reaching a similar level as ZnTe.

In summary, the crystal material and thickness are important parameters to balance the EO sensitivity
and its bandwidth to match the speci�c application. The probe laser wavelength needs to be matched
to the crystal material to reduce the phase mismatch and optimize the EO bandwidth. For example, a
thin GaP crystal with a 1 060 nm probe laser might be ideal for high resolution measurements of short
bunches, while a thick ZnTe crystal with a 800 nm has a lower bandwidth, but o�ers a much better
sensitivity.

2.2.5.2 Laser based limitations

Depending on the EO technique, the laser properties can be the limiting factor of the overall resolution
limit. In this subsection, the e�ects of the laser properties on the resolution of EOS and EOSD mea-
surements are summarized. For illustration purposes, the following example calculations assume a
Gaussian pulse shape. However, the resolution limit will di�er for other pulse shapes.

In EOS measurements, the photodiode to detect the laser pulses typically has a rise time of more than
100 ps, but the laser pulse length is in the order of 10 ps. The electric �eld is sampled by changing the
delay of the laser pulse in multiple steps, while measuring the amplitude of the photodiode signal at
every step. The resulting amplitude of the photodiode signal is proportional to the total pulse energy.
In the EOS setup, the probe laser pulse is modulated by the beam �eld through the EO e�ect. Thus, the
resulting EOS signal is a convolution of the laser pulse shape in the crystal and the original electric
�eld pro�le. The bandwidth is therefore limited by the spectrum of the laser pulse. It is comparable to
a weighted moving average over the original electric �eld, where the averaging window is determined
by the laser pulse length and shape.

Assuming a Gaussian laser pulse, the resulting frequency response (Fourier transform) of a Gaussian
pulse is also a Gaussian [69]:

H(f) = e−2π2σ2
t f

2

. (2.45)

The 3 dB bandwidth is de�ned by H(f) = 1/
√
2, which results to

BW EOS =

√
ln 2

πσt
. (2.46)

For example, a Gaussian pulse with length σt = 10ps would limit the bandwidth in EOS measurements
to BW ≈ 26.5GHz. For very short laser pulses, EOS can also achieve high bandwidth, e.g. BW ≈
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Figure 2.18: Comparison of the laser-based bandwidth limitation of EOS (blue) and EOSD according to Eqs. 2.46,
2.48. It is an exemplary illustration, where a transform-limited pulse length of τtrans.-lim = 50 fs is assumed for
the EOSD bandwidth calculation. On the double logarithmic scale, the bandwidth limit appears to have a linear
relation for a given laser pulse length τstretched at the EO crystal for both, EOS and EOSD. The lines cross at
∼0.1 ps, but the bandwidth of EOS has a steeper downward slope, which leads to a drastically higher bandwidth
of EOSD for laser pulse lengths on the picosecond scale.

530.0GHz for σt = 0.5 ps, but its multi-shot nature also requires an appropriate sampling rate to
resolve the bunch pro�le.

EOSD typically provides a higher bandwidth for longer laser pulses with the additional bene�t of
enabling single-shot measurements. The pro�le of the electric �eld is encoded in the spectrum of the
laser pulse, hence the bandwidth of the laser pulse spectrum provides a resolution limit. The time
resolution τ for a Gaussian pulse is described by the geometric mean of the transform-limited pulse
length τtrans-lim and the stretched pulse length τstretched in the EO crystal [70]

τ =
√
τtrans-lim · τstretched , (2.47)

corresponding to the bandwidth limit (see Eq. 2.40

BW EOSD ≈ 0.187√
τtrans-lim · τstretched

. (2.48)

The typical mode-lock laser systems for EOSD have a transform-limited pulse length in the order of
50 fs, which, for example for tstretched = 10ps, would result in a resolution limit of τ ≈ 707 fs. This
corresponds to a bandwidth of ∼252GHz according to the time-bandwidth product of Eq. 2.40, and is
an order of magnitude larger than an EOS measurement with similar pulse length.

Figure 2.18 provides a visualization of the laser-based bandwidth limitation of EOS (Eq. 2.46) and EOSD
(Eq. 2.48. For EOSD, a transform-limited pulse length τtrans.-lim = 50 fs is assumed [29]. Both curves
appear linear due to the double-logarithmic scale, and they cross at a pulse length of ∼0.1 ps. The EOS
bandwidth limit has a steeper downward slop, leading to a drastically higher bandwidth for EOSD in
the picosecond pulse length region. Additionally, and in contrast to EOS, EOSD enables single-shot
measurements, which makes it the typically preferred choice for a high resolution and high repetition
rate longitudinal beam diagnostic for particle accelerators.

Techniques like diversity electro-optic sampling (DEOS) [30, 31] and electro-optic spectral interfer-
ometry (EOSI) [32, 65] are actively developed and enable to improve the resolution limit beyond the
limitations of Eq. 2.47. While these techniques typically require more complex data processing to
retrieve the bunch pro�le, they only require minor hardware changes. Thus, an upgrade of an existing
EOSD system to either of these systems is possible, if an improved resolution is required. However,
this thesis focuses on EOSD, because the resolution of EOSD is expected to be su�cient for the longer
bunches of FCC-ee.
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2.2.5.3 Data acquisition

The data acquisition system needs to match to the requirements of the EO setup or it can contribute to
a resolution limit.

In EOS measurements, an oscilloscope detects the photodiode output. If an oscilloscope is used with
su�cient bandwidth and sampling rate to resolve the photodiode signal, the oscilloscope is typically
not the limiting factor for the resolution of EOS measurements.

EOSD requires a spectrometer to retrieve the electron bunch pro�le from the spectrum of the laser pulse.
It is typically a custom design for the speci�c setup to match the laser repetition rate and laser pulse
spectrum (e.g. [71]). Its main components are a grating to disperse laser pulse and a line-array camera
to detect the resulting spectrum. The number of illuminated pixels on the camera sensor determines
the resolution of the detected spectrum, hence the grating should be combined with optical lenses and
mirrors to optimize the illumination of the camera sensor. Single shot detection can provide a technical
challenge for the camera, as it needs to combine high sensitivity for the single, low-power laser shots
at a near-crossed working point of the EO system with a high repetition rate at facilities like KARA.
For example, to enable turn-by-turn measurements with 2.7MHz at KARA, the Karlsruhe Institute of
Technology (KIT)-developed special camera system Karlsruhe line array detector for MHz-repetition
rate spectroscopy (KALYPSO) [35, 72] is used.
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KARA and FLUTE

The electro-optical (EO) monitor for the Future Circular Lepton Collider (FCC-ee) needs to ful�ll unique
and demanding requirements, which are set in particular by FCC-ee’s high bunch charges at high
repetition rates with a wide range of bunch lengths across its four operation modes. For this thesis, the
Karlsruhe Research Accelerator (KARA) provided a platform to gain experience and perform tests with
an existing EO monitor at a synchrotron. It was used to study the general functionality and operation
of an electro-optical spectral decoding (EOSD) bunch pro�le monitor and provided a baseline for the
development of FCC-ee’s EO monitor concept design.

To illustrate the EO monitor principle and its capabilities, this section provides example electro-
optical sampling (EOS) and EOSD measurements at Karlsruhe Research Accelerator (KARA). The EOS
measurements additionally revealed a signal drift, which is likely correlated to bunch-induced crystal
heating. As the high beam currents at FCC-ee will amplify this e�ect, a dedicated experiment has
been set up to demonstrate and investigate the correlation between crystal temperature and the signal
drift.

Furthermore, an EO system was installed at the linear accelerator Ferninfrarot Linac- und Test-
Experiment (FLUTE) towards the end of 2025, providing additional experience and insight into the
commissioning of an EO monitor. The process of setting up the system and �rst EOS and EOSD
measurement results are presented.

3.1 EO diagnostic studies at the Karlsruhe Research Accelerator

KARA is a synchrotron and accelerator test facility at Karlsruhe Institute of Technology (KIT), which
provides a platform for beam diagnostics development. The EO monitor at KARA was �rst suggested in
2011 [33] and initially installed in 2013 [27]. It is the �rst in-vacuum EOmonitor for single-bunch pro�le
measurements in a storage ring, and it has been improved in multiple iterations to enable single-shot,
turn-by-turn bunch pro�le measurements at the KARA revolution frequency of 2.7MHz [34, 35, 61].
This extensive operational experience with a circular particle accelerator provides a solid foundation
for the development of an EO monitor for the FCC-ee.

3.1.1 Introduction to EO measurements at KARA

KARA is mainly operated in one of two di�erent modes: The standard operation with an electron
energy of ∼2.5 GeV and a dedicated short-bunch operation with low momentum compaction factor
αc ∼ 1× 10−4 at ∼1.3 GeV [73, 74]. An overview of the typical KARA parameters in the short-bunch
mode is presented in Table 3.1.
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Table 3.1: Typical beam parameters at KARA in short-bunch (low-αc) operation

Parameter Value

Circumference 110.4m
Radio frequency (RF) frequency 499.7MHz
Particle energy 1.3 GeV
Momentum compaction αc ∼1 × 10−4

Revolution frequency 2.716MHz
Bunch charge <2 nC
Bunch length 0.6mm to 4.5mm

(1.9 ps to 15 ps)
Min. bunch spacing 2 ns

The EO monitor at KARA is designed to measure in the short-bunch mode, with typical bunch lengths
σ < 10 ps and bunch charges q < 1 nC. The short bunch length in combination with high bunch
charge drives the micro-bunching instability, which occurs through the self-interaction of the electron
bunch with its coherent synchrotron radiation (CSR). It is a longitudinal, single-bunch collective e�ect,
that causes dynamic changes and deformations of the bunch charge density, resulting in a deterioration
of the electron beam properties [50]. The EO monitor is part of the diagnostics network at KARA to
study the dynamics of the micro-bunching instability, aiming towards its mitigation or control [55,
75–77]. With tomography techniques, EOSD data can be used to reconstruct the longitudinal phase
space, revealing characteristic features of the micro-bunching instability [61].

3.1.2 Experimental setup of the EO system at KARA

A schematic of the overall EO monitor setup is presented in Fig. 3.1, which is generally divided in three
parts:

1. Laser system: A femtosecond pulsed laser system with its synchronization electronics in a
laboratory.

2. Interaction module: Located directly at the KARA vacuum chamber, including the in-vacuum
crystal assembly and an optics box with a polarization analyzer on the outside.

3. Detection system: The data acquisition in the laboratory with either a photodiode for EOS, or a
spectrometer for EOSD measurements.

A 35m long PM �ber delivers the laser pulses from the laboratory to the EO interaction module with
the in-vacuum EO crystal at the KARA ring. Afterwards, the leaser pulses are returned back through a
35m SM �ber to the detection system in the laboratory.

In the EO laboratory, the laser oscillator operates at a repetition rate of ∼62.5MHz and utilizes grating
compressor to adjust the laser pulse chirp at its output, before it is sent to the laser ampli�er. The
ampli�er then reduces the repetition rate with a pulse picker to typically 2.7MHz tomatch the revolution
frequency of KARA, and it ampli�es the remaining pulses. Afterwards, the pulses are transported
through optical �bers to the EO interaction module at the KARA vacuum chamber, where they are
guided through a EO crystal in vicinity to the electron beam. The dispersion of the optical �bers stretches
the laser pulses during the transmission, hence they typically are 1.5 to 5 times longer than the electron
bunch. If the laser pulse arrival time is synchronized with the electron bunch, the electron bunch pro�le
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Figure 3.1: Schematic overview of the EO monitor at KARA. The laser oscillator in the EO laboratory produces
laser pulses with a repetition rate of around 62.5MHz and an integrated compressor enables to adjust the chirp
and pulse length. An exemplary development of the chirp along the laser path is indicated by a color gradient
from red at the trailing edge to blue at the leading edge of a laser pulse (negative chirp) or vice versa (positive
chirp). After the laser oscillator, the repetition rate is reduced with a pulse picker to ∼2.7MHz before entering a
gain �ber in the laser ampli�er. The ampli�ed pulses are transported to the EO interaction module through a
35m polarization-maintaining (PM) �ber with normal dispersion, therefore shifting the pulses towards a positive
chirp. At the interaction module, the laser pulses are guided into the KARA vacuum chamber through the EO
crystal, where they are modulated by the electric �eld of the electron bunches. Finally, the laser pulses are
sent back to the EO laboratory for data acquisition through a single-mode (SM) �ber. For EOS measurements,
the laser pulse intensity is measured with a photodiode (PD) and oscilloscope, and for EOSD measurements, a
spectrometer consisting mainly of a grating and a line array camera is used.

is encoded in the laser pulse polarization through the EO e�ect. The subsequent polarization analyzer
converts the modulated polarization into an intensity modulation (see Chapter 2.2.3, before the laser
pulses are transported back to the EO laboratory for the data acquisition.

For EOS measurements, a photodiode in combination with a lock-in ampli�er and an oscilloscope is
used to detect the laser pulse intensity. For EOSD measurements, the laser pulses are connected to
a free-space spectrometer, mainly consisting of a grating to disperse the laser pulses, and the KIT-
built camera KALYPSO [72]. This spectrometer enables single-shot measurements of each laser pulse
spectrum (at 2.7MHz), resulting in turn-by-turn data of the longitudinal bunch pro�le.

3.1.2.1 Laser system

The laser system for the EO monitor at KARA is a passive mode-lock laser with an Ytterbium gain �ber,
which produces femtosecond pulses around a central wavelength of ∼1 030 nm. General information
about mode-locked lasers and �ber lasers can be found in [78, 79], and information about the �rst use of
a similar laser system at KARA is presented in [27]. The laser at KARA has a custom built oscillator and
ampli�er, which was developed at the Paul Scherrer Institute (PSI) and the University of Bern [80, 81].
To match the revolution frequency of KARA, it has been adapted to achieve a repetition rate of 2.7MHz.
The oscillator cavity from the setup at KARA initially produces a laser pulse rate of ∼62.5MHz, which
enables a reduction to KARA’s repetition rate of ∼2.7MHz by selecting every 23rd laser pulse with a
pulse picker before entering the gain �ber in the ampli�er.

Figure 3.2 presents a photograph and corresponding schematic of the laser oscillator. It has an in-
�ber and a free-space section, which are coupled via �ber collimators. The in-�ber section provides
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(a) Photo

(b) Schematic

Figure 3.2: Photograph (a) and corresponding schematic (b) of the laser oscillator for the EO system at KARA
(originally described in [27, 80]). The oscillator provides femtosecond pulses at a central wavelength of 1 030 nm
with a repetition rate of ∼62.5MHz. In both �gures, the free-space laser path is indicated as a solid red line,
and the in-�ber laser path as a dashed line. Motorized elements are marked with a small gear pictogram. The
oscillator ring cavity contains the Ytterbium (Yb) gain �ber, which is pumped by a laser diode. Two motorized λ/4
waveplates and a λ/2waveplate can be used to initiate and stabilize mode-locking. A piezo �ber stretcher enables
�ne adjustment of the cavity size, and a linear piezo stage under the roof mirror of the internal compressor
enables a coarse adjustment of the cavity size to tune the laser pulse repetition rate. A polarizing beam splitter
(PBS) is installed for out-coupling of a fraction of the intra-cavity pulses. These output laser pulses are guided
onto an external grating compressor with a movable grating to adjust their chirp and pulse length. The �nal
oscillator laser output is transported through a PM �ber to a laser ampli�er (see 3.3).
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integrated �ber optic splitters (not included in the schematic) that redirect a small part of the laser
light to diagnostic outputs. These outputs can be used to monitor the spectrum or power of the laser
oscillator, or it can be used as a reference for the synchronization to the KARA RF (see next section).
Part of the main �ber is an Yb doped gain �ber, which is pumped with a �ber coupled laser diode with
∼980 nm wavelength. Additionally, a piezo stretcher is installed to to remotely �ne-tune the overall
length of the oscillator cavity by stretching a part of the optical �ber, which is used to �ne tune the
laser pulse repetition rate.

In free-space, the oscillator cavity includes two motorized λ/4 and one motorized λ/2 waveplate to set
the intra-cavity polarization and to initialize mode-locking and stabilize the laser pulses. An isolator is
installed to avoid back-re�ections. Two gratings and a roof mirror on a motorized linear stage form a
grating compressor, where the movement of the mirror is used to adjust the optical path length within
the oscillator cavity. Thus it provides a mechanism for coarser laser pulse repetition rate adjustment,
complementing the �ne-tuning capability of the �ber stretcher.

A polarizing beam splitter cube is used to as an output coupler, where a controlled fraction of the
circulating pulses can exit the cavity, depending on its polarization. The mentioned waveplates can be
used to manipulate the polarization, thus adjusting the output-coupling ratio.

The oscillator output is sent through a λ/2 waveplate to rotate its polarization for optimal e�ciency of
the following grating compressor. The grating compressor is made similar to the intra-cavity compressor
of two gratings and a roof mirror. But this external compressor has the second grating on a motorized
linear stage, to enable stretching or compressing the pulses. The main goal of this compressor is to
(partly) pre-compensate the dispersion of the following optical �bers, that transport the laser pulses to
the EO crystal. While the normal dispersion of the optical �ber leads to a stretched pulse with a positive
chirp, the compressor provides an anomalous dispersion, producing a negative chirp. By increasing the
distance between the two gratings with the linear stage, the magnitude of the anomalous dispersion
can be adjusted. This enables to pre-compensation for the stretching in the �ber within the limits of
the linear stage and within beam alignment limitations to avoid beam-clipping.

Finally, an additional λ/2 waveplate is used to align the linear polarization to optimize the coupling
e�ciency for the following PM �ber. The PM �ber guides the laser light to the pulse picker and
following laser ampli�er.

A photograph and corresponding schematic of the ampli�er is presented in Fig. 3.3. The ampli�er is
fully in-�ber and positioned directly above the oscillator. The oscillator output is used as input and
guided through an isolator to an acousto-optic modulator (AOM), which serves as a pulse picker. Per
default, the AOM does not transmit the laser pulses, if no signal is applied at the electric RF input. The
laser pulses from the oscillator are spaced by ∼16 ns, hence the RF driver at KARA is typically set to
provide a signal window with a duration of 15 ns at KARA’s revolution frequency of ∼2.7MHz. Thus,
it reduces the pulse repetition rate of the laser to match KARAs revolution frequency. After the pulse
picker, the laser pulse is ampli�ed with a Yb gain �ber, which is pumped by a 980 nm laser diode.

A typical spectrum of the oscillator and ampli�er output is presented in Fig. 3.4. The spectra depend on
the mode-lock state of the oscillator, which can can change over time. However, the presented spectra
are the result of the most commonly used mode-lock state for KARA EO measurement. The bandwidth
of the ampli�er (∼25.3 nm FWHM) is slightly larger than the bandwidth of the oscillator (∼24.7 nm
FWHM), and extends further towards lower wavelengths. The center wavelength is typically de�ned
as the wavelength of maximum intensity, which is similar for the oscillator (∼1 031 nm) and ampli�er
(∼1 034 nm). However, the center wavelength can be misleading, if the maximum intensity originates
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3 Studies with the EO beam monitor at KARA and FLUTE

(a) Photo (b) Schematic

Figure 3.3: Photograph (a) and schematic (b) of the ampli�er from the EO laser system (originally described
in [27, 80]). A simpli�ed schematic was added below the original schematic for better readability. The ampli�er
receives the laser pulses from the oscillator with 62.5MHz, reduces the repetition rate with a pulse picker and
ampli�es the resulting pulses. The input pulses �rst pass an isolator to suppress any back-re�ections from the
following pulse picker and Yb gain �ber. The pulse picker is made of an acousto-optic modulator (AOM), which
is controlled with an electric RF trigger signal. Similar to the oscillator in Fig. 3.2, the gain �ber of the ampli�er
is pumped with a 980 nm laser diode, with another isolator in-between.
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Figure 3.4: Typical normalized spectra of the laser oscillator (blue) and ampli�er (orange) of the EO laser system
at KARA. The oscillator spectrum has a slightly smaller bandwidth (∼24.7 nm (full width at half maximum
(FWHM))) than the ampli�er (∼25.3 nm (FWHM)) and center wavelength of the oscillator (∼1 031 nm) is very
close to the center wavelength of the ampli�er (∼1 034 nm). The inset plot shows the spectra scaled according to
their relative laser pulse energy, which highlights the ∼23-fold increase in pulse energy of the ampli�er. This is
an example of a typical laser spectrum for measurements at KARA, but the spectrum can change drastically for
di�erent mode-lock states and for small di�erences in the laser setup [26, 80]

from a narrow spike in the spectrum, which is the case for the presented ampli�er spectrum. To better
represent the range of the spectrum, the centroid of a discrete spectrum with N samples

centroid =

∑N−1
i=0 λi · I(λi)
∑N

i=0 I(λi)
(3.1)
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provides a measure for the central wavelength weighted by the intensity spectrum. The centroid of
the oscillator spectrum (∼1 030 nm) is close its wavelength of maximum intensity, but the ampli�er
centroid (1 026 nm) is shifted to lower wavelengths due to its intensity spectrum.

The output power also depends on the mode-lock state, and in the presented state, it typically achieves
10mW at 2.7MHz, which corresponds to a laser pulse energy of 3.7 nJ. This implies an ampli�cation
factor of approximately 23, since the oscillator typically achieved around 10mW at 62.5MHz. The inset
plot in Fig. 3.4, shows the spectra scaled according to their respective pulse energy to illustrate the
ampli�cation. Thus, the laser power and the bandwidth are lower than the corresponding values in
Ref. [27, 80, 81], which show ampli�cation up to a factor 100 and a bandwidth up to 100 nm. The main
reason for di�erent spectra and output power likely originates in the aging of the di�erent components
of the laser system and di�erent laser path alignment, which lead to di�erent stable mode-lock states and
increased power loss in the oscillator cavity. The presented bandwidth and power output is a result of
many optimization e�orts and is considered to be su�cient to perform EOS and EOSD measurements.

The ampli�er output provides pulses with an approximate duration of ∼55 fs FWHM (∼23 ps σ), as
measured using a GRENOUILLE (Swamp Optics GRENOUILLE, a single-shot frequency-resolved optical
grating (FROG) device for ultrashort pulse characterization [82]). The short pulse duration aligns with
the expectation of the mode-locked laser system, and its time bandwidth-product of ∼0.4 is close to
the theoretical value of ∼0.44 for a Gaussian pulse (see Eq. 2.40). To estimate the pulse duration at
the EO crystal, the ampli�er output was coupled into two consecutive PM �bers with a total length of
42m within the EO laboratory. Due to the �ber dispersion, the pulse is stretched, falling outside the
measurement range of the GRENOUILLE. Instead, an autocorrelator (APE pulseCheck) yielded a pulse
duration of approximately 60 ps (FWHM, σ ≈ 25.5 ps). Although the statistical uncertainty in these
measurements is negligible, the instruments are very sensitive to optical misalignment, which may
introduce large systematic errors. Hence, the reported pulse durations should be regarded as rough
estimates only.

To crosscheck the feasibility of the measured pulse length, the stretched pulse can be calculated via the
unchirped pulse length before the �ber (τtrans-lim ≈ 55 ps) and the group delay dispersion D2 of the
�ber

D2 =

√

τ2stretched − τ2trans-lim

∆ω
⇒ τstretched =

√

(D2∆ω)2 − τ2trans-lim (3.2)

with the angular-frequency bandwidth

∆ω ≈ 2πc

λ20
∆λ, (3.3)

with the central wavelength λ0 and wavelength bandwidth ∆λ.

This calculation yields a stretched pulse length τstretched ≈ 52 ps FWHM (22 ps σ), using the measured
pulse duration directly after the ampli�er τtrans-lim = 55 fs FWHM (23 fs σ) with the �ber length L =
42m and the provided �ber dispersion1by the manufacturer for a wavelength of λ0 = 1025 nm [83] .
Thus, the calculated pulse length deviates by ∼9 % from the measured pulse length, indicating that the
magnitude is captured correctly, but the large uncertainties do not allow a more precise assessment.

1 The dispersion of optical �bers with the �ber length L.is typically denoted as the conventional �ber-optic dispersion

D = −

2πc

λ2
0
L
D2 (typ. in ps nm−1 km−1).

41



3 Studies with the EO beam monitor at KARA and FLUTE

Figure 3.5: Schematic overview of the synchronization of the EO laser system and the data acquisition. Electric
signals are drawn as solid black arrows, while optical �bers for the laser light are drawn as dotted red arrows.

3.1.2.2 Synchronization

The laser pulses and Coulomb �eld of the electron bunches need to have a temporal overlap in the EO
crystal to enable EO measurements. Hence, the laser pulse repetition rate needs to be synchronized
with the revolution frequency of KARA. KARA has a timing distribution system, which provides a
reference frequency in the EO laboratory, that is synchronized with the KARA master oscillator. The
master oscillator also serves as a reference clock for the∼500MHz RF frequency to drive the RF cavities
of the KARA storage ring. Since the revolution frequency is an integer fraction of the RF frequency
(see Equation 2.5), the distributed timing system is used as a reference frequency to synchronize the
laser repetition rate.

The laser synchronization system has been updated iteratively during this thesis to improve its stability
and usability. The following description refers to the setup in use since 2022, which was used for the
following example measurements.

A simpli�ed schematic overview of the synchronization system for the EO system at KARA is presented
in Figure 3.5. The laser oscillator is synchronized with the KARA master oscillator in a phase-locked
loop. The laser oscillator has a repetition rate around 62.5MHz, and a diagnostic laser output is used
to feed a signal with the current repetition rate into a frequency mixer via a photodiode. The other
input of the frequency mixer is a 500MHz signal from the KARA timing system, which went through
a frequency divider with factor 8, to get the reference frequency close to 62.5MHz. The mixing of
the laser repetition rate with the reference frequency results in a beat frequency, which is low-pass
�ltered and used as input for a proportional-integral-derivative (PID) controller. The output of the PID
is connected to the driver of the piezo stretcher within the laser oscillator. The piezo stretcher can
slightly increase or decrease the oscillator cavity length by stretching part of the optical �ber, thus
tuning the repetition rate of the laser. This feedback loop forms a phase-locked loop (PLL) that keeps
the laser repetition rate and phase locked to the reference.

For coarse adjustments of the repetition rate, the motorized roof mirror of the internal compressor (see
Figure 3.2) can be used. Typically, the coarse adjustment is done manually, until the beat frequency
drops below 20Hz. Below this threshold, the phase-locked loop (PLL) is activated to automatically �ne
tune the laser repetition rate and lock it to the reference frequency. Additionally, the voltage for the
piezo stretcher is monitored and if it increases above a certain threshold, a coarse step of the roof mirror
is initiated. This enables to reduce the voltage on the piezo stretcher again and therefore compensate
for fast or long-term drifts of the beat frequency.
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In addition, a delay generator (Stanford Research Systems DG645) is used to provide synchronized
signals for di�erent purposes. It gets a 62.5MHz trigger input via a photodiode from a diagnostic output
of the laser oscillator, and its internal pre-scaler is set to 23 to divide the frequency to 2.7MHz. As a
result, the signals generated by the delay generator are synchronized with the laser repetition rate. One
of its outputs provides the trigger signal for the pulse picker, hence reducing the laser repetition rate
from 62.5MHz to 2.7MHz. Another output is used as a trigger signal for Karlsruhe line array detector
for MHz-repetition rate spectroscopy (KALYPSO) during EOSD data acquisition to synchronize the
camera frame rate with the laser repetition rate.

The PLL also enables to change the phase, and therefore the delay of the laser pulses. A vector modulator
(VM) is installed to change the phase of the reference frequency, before entering the frequency mixer.
The VM can adjust the phase of the reference signal in small steps, and when the phase of the reference
signal changes, the PLL will change the phase of the laser pulses accordingly. This is a very important
aspect for time scans with EOS, and for the time calibration of EOSD, where the laser delay needs to be
changed in small and precisely known steps.

3.1.2.3 EO interaction module

A photograph and schematic of the EO interaction module of KARA is presented in Figure 3.6. It has an
optics box, which is a metal enclosure that contains free-space optics components with a �ber coupled
input and output. The photo shows a mock-up in the EO laboratory, without the surrounding vacuum
chamber to provide better accessibility for testing purposes. The EO optics box at KARA is connected
to a metal arm with the crystal holder at its tip. At KARA, the arm and crystal holder are fully enclosed
in KARA vacuum chamber, and a fused silica vacuum window at a CF �ange between the optics box
and the arm enables the laser transport from and to the EO crystal. Additionally, a vacuum-tight bellow
below the vacuum window in combination with a linear stage enables moving the whole interaction
module up and down to adjust the distance between the EO crystal and the electron beam.

The laser input of the interaction module is a PM �ber with a collimator to couple the laser from the
�ber into free-space. To guarantee the linear laser polarization in the EO crystal (typically parallel
or perpendicular to the Coulomb �eld, see Chapter 2.2.2), the laser pulses are guided through a λ/2
waveplate and a PBS, before they are sent through the arm to the EO crystal. Silver mirrors are used
to align the laser path, which can introduce a slight ellipticity to the linearly polarized laser light due
to imperfections causing a phase shift between p- and s-polarized light. This e�ect is mitigated by
aligning the laser polarization to be either fully s- or p- polarized, which is done by rotating the input
collimator and the mentioned λ/2 waveplate accordingly.

At the crystal assembly, the laser is re�ected o� a small mirror through the EO crystal. The EO crystal
at KARA is a 5mm × 5mm × 7mm GaP crystal, with the front surface in the (110) plane of the crystal
structure. The laser enters the crystal in [110] direction through the front surface, which has an
anti-re�ective coating to maximize the laser pulse transmission. Its linear polarization axis is aligned
with the crystals [001] axis, perpendicular to the Coulomb �eld of the passing electron bunches (see
Chapter 2.2.2). After traveling through the full crystal thickness of 7mm, it is re�ected on its backside
due to an applied re�ective coating. On the way back through the crystal, the laser pulses travel parallel
to the electron beam at KARA, before leaving the crystal through its front side, re�ecting o� the small
mirror and propagating back through the arm into the optics box.

The optics box contains a polarization analyzer consisting of a motorized λ/4 waveplate and λ/2
waveplate followed by a PBS to adjust the working point of the EO measurement (see Chapter 2.2.3).
The PBS transmits only the p-polarized part of the light and re�ects the remaining part at a 45° angle. In
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(a) Photograph (b) Schematic

Figure 3.6: Photograph (a) and schematic (b) of the EO interaction module at KARA (originally described in
Ref. [27]). The photograph shows a duplicate in the laboratory, because the original interaction module is
positioned at the KARA ring, where the arm and crystal holder are hidden inside the vacuum chamber. The
optics box contains free-space optical components, except for an input and output �ber, which is coupled with a
collimator. The input laser pulses are guided through a λ/2 waveplate and PBS to ensure the correct polarization
before it is sent through the arm onto the mirror and EO crystal (crystal assembly). The backside of the 7mm
thick gallium phosphide (GaP) crystal has a re�ective coating to send the laser pulses back to the mirror, through
the arm and into the optics box. The following series of a motorized λ/4 and λ/2 waveplate in combination with
a PBS builds a polarization analyzer and is used to set the working point for the EO measurements, before it is
coupled into a SM �ber to transmit the laser pulses back to the EO laboratory. The laser polarization and its
changes along its trajectory, caused by the waveplates and the intrinsic birefringence of the crystal, is indicated
with purple arrows. The setup generally has the option to install an additional grating compressor to modify the
laser pulse length, but it was not used for the measurements at KARA.
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(a) Photograph (b) Schematic

Figure 3.7: Photo (a) and simpli�ed schematic (b) of the newly installed EO vacuum chamber at KARA in summer
2025. It is installed above the KARA vacuum chamber and includes a new vacuum valve above the impedance
protection slider. This enables to exchange the EO crystal and its holder without ventilating the KARA beam
pipe directly. Similar to the previous setup (see Ref. [27, 34]), the EO interaction module with its crystal assembly
is installed on a motorized linear stage to adjust the distance between the electron beam and the EO crystal.
During EO measurements, the vacuum valve and impedance protection slider are opened, but otherwise the
slider is closed to reduce the impedance for the electron beam.

principle, the p-polarized and s- polarized part can both be coupled into �bers and used for a balanced
detection setup. However, for the following experiments, only the p-polarized part is coupled into a SM
�ber by a collimator and used as output of the interaction module, as it simpli�es the data acquisition
and was found to provide a su�cient signal-to-noise ratio. A second collimator is installed to couple
the s-polarized part into a �ber in preparation for balanced detection schemes, but it has not been used
in this thesis.

The coupling e�ciency into a SM �ber is very sensitive to the position and orientation of incoming laser
light and requires precise alignment of the optical components on the µm scale. Since the interaction
module is mounted on a motorized linear stage to adjust the distance between the crystal and the
electron beam, its movements can cause slight misalignments of the laser path, leading to a reduced
coupling e�ciency at the output collimator. However, the interaction module is not accessible during
KARA operation. Thus, the output collimator and one mirror are motorized to enable precise remote
adjustments of the laser alignment.

In summer of 2025, the EO vacuum chamber was updated and fully replaced to add a vacuum-valve in
the vertical direction between the arm of the EO interaction module and the beam pipe of KARA. A
photo and corresponding schematic of the new setup is presented in Figure 3.7. The previous setup
already included an impedance protection slider, which could be opened for EO measurements, while
being closed during user operation to reduce the impedance for the electron beam. The new additional
vacuum valve enables to exchange the EO crystal without ventilating the KARA beam pipe, and instead
only ventilate a small section around the arm of the EO interaction module. This reduces the time
needed for a crystal exchange from multiple weeks to only a couple of days, making the EO monitor at
KARA a versatile EO test bench for di�erent crystals and crystal holder designs. While I took part in
the successful commissioning of the EO monitor with the new vacuum chamber, further experiments,
for example with the EO prototype design for FCC-ee, are planned in the future but outside the scope
of this thesis.
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3.1.2.4 Data acquisition

The data acquisition devices of the EO system are located in the same laboratory as the EO laser
system. The laser pulses are transported from the EO monitor output to the EO laboratory with a
35m SM �ber. For EOS measurements, it is connected to a �ber-coupled photodiode (EOT ET3010)
with an indium gallium arsenide (InGaAs) sensor. With a rise time of 175 ps (∼2GHz bandwidth),
the photodiode cannot resolve the temporal pro�le of single laser pulses, but the signal amplitude
correlates with the laser pulse intensity. For typical EOS scans, the signal amplitude is monitored with
an oscilloscope (LeCroy HDO9404-MS), while scanning the laser pulse delay. Since the measured laser
intensity changes, if the laser pulse is modulated by an electric �eld in the EO crystal, this method
enables time scans of the Coulomb �eld and following wake�eld of the electron bunch. In addition, it is
typically used to determine the laser pulse delay at which the laser pulse overlaps with the Coulomb
�eld of the bunch in the EO crystal.

To improve the signal-to-noise ratio (SNR) of EOS scans a lock-in ampli�er (Anfatec eLockIn 205/2)
can be used to further process the photodiode signal. It multiplies the signal with a 2.7MHz reference
signal that matches the repetition rate of KARA and applies a low-pass �lter to the result. For example,
for EOS time scans at KARA, the laser pulse delay is adjusted every∼1.25 s and the time constant of the
laser pulse is set to 1 s. This acts similarly to a narrow band-pass �lter that isolates the slow dynamics
of the signal component, which matches the repetition rate of KARA. Hence, it drastically reduces
noise, while keeping slow changes of the laser pulse amplitude during EOS time scans.

For the single-shot bunch pro�lemeasurements with EOSD, the 35m �ber is connected to a spectrometer
instead of the photodiode. The spectrometer is a free-space setup based on a re�ective grating that
disperses the laser light. The angular dispersion is focused with a spherical lens and recorded with
the KIT-built line-array camera KALYPSO (Karlsruhe line array detector for MHz-repetition rate
spectroscopy) [72]. The spectrometer is based on Ref. [71], but the commercial camera was replaced
by KALYPSO with a 256 pixels silicon (Si) sensor array to enable turn-by-turn single-shot EOSD
measurements at 2.7MHz [20, 35].

3.1.3 Example measurements at KARA

This chapter presents an example measurement of EOS and EOSD at KARA, respectively. These EO
measurements were used to gain experience with the EO monitor’s capabilities and limitations and
provide a baseline for the development of an EO monitor for FCC-ee. It also serves as a reference for
a new simulation procedure, which is later used to test and develop the new conceptual EO monitor
design for FCC-ee (see Chapter 4). The exemplary EOS measurement in this section has also been
summarized and presented in Refs. [1, 3].

3.1.3.1 EOS measurements at KARA

For this EOS scan, KARA was operated in it short bunch (low-αc) mode at 1.3 GeV with a single bunch
in the storage ring. The bunch charge started at approximately 0.35 nC and decreased to 0.27 nC by the
end of the scan. Before the scan, the linear stage at the EO monitor was used to slowly decrease the
distance of the EO crystal to the electron beam, until a slight increase in the signal of a nearby beam
loss monitor was detected. The beam loss monitor is positioned close to the KARA vacuum chamber
downstream of the EO monitor. It detects the Cherenkov light of charged particles through a lead-glass
radiator with a photomultiplier tube (see Ref. [84, pp. 26 �]). Once it shows a slight increase in the

46



3.1 EO diagnostic studies at the Karlsruhe Research Accelerator

0 10 20 30 40 50 60

Timebase (ns)

−1.0

−0.5

0.0

0.5

1.0
A
m
p
li
tu
d
e
(V

)

delay: 43.30 ns

BPM signal

Photodiode signal

Figure 3.8:Waveforms of the BPM signal and laser
pulse signal from the photodiode (PD) on the os-
cilloscope in the EO lab. From prior experience, a
∼39.5 ns delay between BPM signal and laser pulse
signal achieves temporal overlap of the laser pulse
and the Coulomb �eld of the electron bunch in the EO
crystal. In this case, the delay is 43.3 ns, because the
following EOS scan covers a range of −4 ns to stop
at 39.3 ns delay, hence the temporal overlap with the
Coulomb �eld and following wake�eld is included in
the EOS scan range.

-4 -3 -2 -1 0to

Sampling delay (ns)

2.0

2.5

3.0

L
o
ck
-i
n
si
g
n
a
l
(V

)

EOS measurement

Exponential fit

0:005:0010:0015:00

Measurement duration (min)

Figure 3.9: Example of a lock-in ampli�er signal dur-
ing an EOS scan at KARA. The laser delay is shifted
in steps of ∼−6 ps for a total range of 4 ns, while the
laser pulse signal of the photodiode is processed with
a lock-in ampli�er and recorded with an oscilloscope.
With∼1.25 s per step, the total measurement duration
is ∼15min and the time constant of the lock-in am-
pli�er’s low-pass �lter was set to 1 s to provide step-
to-step laser signal changes. The baseline of the raw
data increases over the duration of the measurement,
which is probably caused by a temperature drift of the
EO crystal [3]. An exponential �t is used to estimate
the baseline drift, yielding y ≈ 1.70 exp(−0.13x).
(Also presented in [1, 3])

signal counts while moving the crystal closer to the beam, it is assumed that some of the electrons
at the outer edge of the electron bunch are de�ected into the beam loss detector. Thus, the distance
between the EO crystal and the electron beam is considered to be a good balance between minimal
distance for high sensitivity and su�cient distance to avoid impacting the trajectory of the electron
bunch. In this example, a slight beam loss increase was detected at 7mm distance between the crystal
center line and the geometric center of the KARA vacuum chamber. This value is expected to be similar
to the distance between the crystal center and the electron beam center, because fast-feedback systems
at KARA keep the beam typically close to the geometric center of the vacuum chamber.

With KARA’s revolution frequency of ∼2.716MHz, the electron bunch arrives at the EO crystal every
∼368 ns, and the laser repetition rate is synchronized to the same frequency. Since the electron bunch
and laser pulse duration is typically of the order of 10 ps, the temporal overlap between the electron
bunch and the laser pulse in the EO crystal is very short compared to the time span in-between the
electron bunches. Thus, the electric signal of a beam position monitor (BPM) on the oscilloscope in the
EO laboratory provides a reference timing of the electron bunch arrival time. The photodiode of the
EOS data acquisition is connected to the same oscilloscope, providing a signal of the EO laser pulse
after it propagated from the laser system to the EO monitor and back to the EO laboratory. Rough
estimations of the signal propagation time from the BPM to the oscilloscope in comparison to the laser
pulse signal from the EO crystal to the oscilloscope can be used to approximate the required delay
between the BPM and laser pulse signal on the oscilloscope to achieve temporal overlap of the electron
bunch with the laser pulse in the EO crystal. Previous long EOS time-scans suggest that the laser pulse
starts to overlap with the bunch’s Coulomb �eld in the EO crystal at a delay of ∼39.5 ns between BPM
signal and laser pulse signal.
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Figure 3.8 presents the waveforms of the BPM signal and laser pulse signal on the oscilloscope, before
the following EOS scan started. The delay between BPM signal and laser pulse signal is 43.3 ns, hence
the EOS scan was set to cover a time range of 4 ns in negative direction to include part of the wake�eld
and stop shortly after passing the temporal overlap at a delay of ∼39.5 ns.

The raw lock-in ampli�er signal of the EOS scan is presented in Figure 3.9. In the scan, the laser pulse
starts at the delay of 43.3 ns to the BPM signal and is shifted in ∼−6 ps steps to a total range of 4 ns.
The delay shift is realized by changing the phase of the reference frequency with a vector modulator,
as described in Section 3.1.2.2. The x-axis of the plot shows the relative sampling delay to the starting
point in ns. Every step of the delay scan took approximately 1.25 s, leading to a total measurement
duration of approximately 15min. The time constant of the lock-in ampli�er was set accordingly to
1 s to highlight changes in the photodiode signal from one time step to the next (see 3.1.2.4). The
resulting signal represents changes of the laser pulse intensity. Its �rst peak (the earliest in time) at
to ≈ −3.74 ns indicates the laser modulation induced by the Coulomb �eld of the electron bunch. The
following oscillations are caused by the wake�eld that follows the electron bunch.

However, the signal baseline increases during the scan. The baseline drift has been characterized by
�tting an exponential function, yielding y = (1.697 ± 0.005)V · exp((−0.126 ± 0.001) ns−1 · x),
with y corresponding to the lock-in ampli�er signal and x the sampling delay. The drift also has been
observed in experiments, where the sampling delay has not been changed. Hence, it does not correlate
with the sampling delay directly, but with the measurement duration. The drift is hypothesized to arise
from an electron-bunch-induced temperature change of the EO crystal, which causes a change in the
intrinsic birefringence of the EO crystal. The hypothesis is investigated with a qualitative experiment
presented in Chapter 3.1.4 and Ref. [3].

In the experiment, it was found that the drift behaves similarly to a shift of the working point, because
it is mainly caused by a laser polarization change at the EO crystal. In the EOS measurement, the initial
working point was set to the λ/2 waveplate angle θ = 4.6◦ and λ/4 waveplate angle ϕ = 0◦, which is
a typical setting to optimize the modulation amplitude at KARA [27]. However, the heat-induced shift
of the laser polarization changes the e�ective working point over time, which needs to be considered
when trying to replicate the results in simulations (see Chapter 4.2).

To determine the current e�ective working point, one needs to determine how far θ and ϕ need to
be shifted to achieve the minimum laser pulse amplitude (crossed con�guration, see Chapter 2.2.3).
Thus, a scan of θ was done directly after the EOS scan, while recording the laser pulse intensity with
the photodiode. When the minimum θ = θmin is found, the λ/4 waveplate angle ϕ requires a similar
scan to �nd the angle ϕmin, where the laser pulse amplitude is minimal. This process is typically
repeated multiple times to iteratively decrease the minimum laser pulse amplitude and get closer to the
crossed con�guration, because θ and ϕ are not independent variables of the laser intensity I(θ, ϕ) (see
Equation 2.37). However, as the e�ective working point is changing over time during these example
measurements, the working point of θ = 2◦, ϕ = 7◦ has been estimated for the sampling point at to by
interpolating between a working point determination before and after the experiment.

The modulation of the signal is calculated by dividing the signal by the exponential baseline �t, which
is presented in Figure 3.10. To compensate for the decreasing bunch charge q during the measurement,
the modulation is also multiplied by q(to)/q(t). Additionally, the uncertainty of the modulation is
estimated by propagating the uncertainty of the exponential �t σ�t(t) and calculating the noise as
standard deviation of the modulation σnoise before the bunch arrives (t < 0.2 ns). Both uncertainties are

combined σ =
√

σ2�t(t) + σ2noise and included as a 1σ error band in the plot. The estimated uncertainty

is small compared to the modulation minimum at −9.77 %, which yields a decent peak amplitude with
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Figure 3.10: Modulation of the EOS signal after processing the data of Fig. 3.9. The modulation is calculated
by dividing the raw signal by the baseline. The �rst peak of the modulation at to is induced by the Coulomb
�eld of the electron bunch, and the following oscillations originate in the wake�eld. The e�ective working point
at to is approximated at ϕ = 7◦, θ = 2◦ and leads to a negative modulation by the Coulomb �eld. However,
the e�ective working point drifts over time, due to the laser polarization drift (see Figure 3.9). This EOS scan
provides an overview of the Coulomb- and wake�eld-induced EO modulation, which is compared to simulations
in Chapter 4.2 for further analysis. (Also presented in Ref. [3, 5])

SNR ≈ 19.95. Direct measurements of the photodiode typically yield a lower SNR, but the lock-in
ampli�er drastically reduces the noise and increases the SNR.

The Coulomb peak of the EOS scan at to overlaps with a neighboring peak with similar amplitude. The
next peak is positive and has the largest modulation amplitude of 12.6 %, while the following peaks
decrease in amplitude and appear similar to a dampened oscillation. In summary, the EOS scan provides
an overview of the timing and amplitude of the Coulomb peak and the following wake�eld with a
less complex setup and data acquisition than EOSD. Hence, EOS will also be a crucial technique for
the EO monitor at FCC-ee for its commissioning, for providing an overview of the wake�eld and for
�nding the overlap with the Coulomb �eld (to). Once the overlap is found, the detection system can
be changed from a photodiode to a spectrometer for single-shot high-resolution EOSD bunch pro�le
measurements.

3.1.3.2 EOSD measurements at KARA

For EOSD measurements at KARA, the laser pulses are analyzed with a custom spectrometer for the
detection of single laser pulse spectra at high repetition rate [27, 35, 71]. This enables single-shot
bunch-pro�le measurements due to encoding of the longitudinal pro�le in the spectrum of a chirped
laser pulse. KARA was operated in short-bunch mode (low-αc), with a single bunch in the ring. At the
moment of the following EOSD measurement, the electron bunch had a charge of ∼430 pC (equivalent
beam current 1.19mA). The working point of the EO monitor was set to a near-crossed polarizer setting
with θ = 3◦ (λ/2 waveplate) and ϕ = 0◦ (λ/4 waveplate). In preparation of EOSD measurements,
1 000 line-pro�le images were taken with the line-array camera (KALYPSO [72]) of the spectrometer,
but with the laser pulse blocked to only detect the background signal. Hence, the background images
only contain electric noise and stray light from the environment, and the average over all background
images is subtracted from the following measurements of the laser pulse spectrum.

Figure 3.11a presents a single modulated Imod and single unmodulated Iunmod laser pulse image of the
spectrometer camera with the background image already subtracted. The variance over all measured
modulated and unmodulated images was calculated, resulting in a mean standard deviation of the
intensity σmod, σunmod ∼ 12 arb. u. for both curves. Hence, the standard deviation is too small in
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Figure 3.11: KALYPSO images of an unmodulated and modulated laser pulse (a) and its calculated modulation
(b). The pixel range is cropped to the section of the sensor that is illuminated by the laser pulses. The background
with a blocked laser beam has been subtracted from the both images. The modulation is calculated as a division of
the modulated and unmodulated laser pulse image. An error-band around the modulation shows its propagated
standard deviation (1σ), which increases as the laser intensity decreases. Later plots will focus on a region of
interest (ROI), which is de�ned as the 60th percentile of the unmodulated laser image, resulting in a pixel index
range from 67 to 143.

comparison to typical maxima of the order of 1 500 arbitrary units to be visible in the plot. The laser
pulse approximately illuminates the pixels from index 55 to index 165 out of the 256 available pixels.
Generally, more illuminated pixels would improve the resolution, but it would reduce the intensity per
pixel. The illuminated area changes with the laser pulse spectrum (e.g. for a di�erent laser mode-lock
state), and can be adjusted with the layout and components of the spectrometer setup (e.g. grating and
lens properties, and the distances in between the components). The presented setup aims to provide a
balance between decent resolution and su�cient sensitivity, based on the previous setup in Refs. [27,
71].

Figure 3.11b presents the modulationM following Eq. 2.39

M =

(
Imod

Iunmod
− 1

)

,

which is proportional to the modulated signal Imod divided by the average over 1 024 unmodulated
signals Iunmod. The plot also includes the propagated uncertainty

σM =

⌜
⃓
⃓
⎷

(
1

Iunmod
σmod

)2

+

(

−Imod

I
2
unmod

σunmod

)2

(3.4)

in the form of an error band to illustrate the standard deviation (1σ). The uncertainty of the modulation
appears large in comparison to the uncertainty of the intensity of the modulated and unmodulated signal
in Figure 3.11a, and it increases towards low intensity amplitudes. This is a result of calculating the
modulation as a division of the modulated and unmodulated signal, hence, the propagated uncertainty
is roughly proportional to the inverse intensity of the laser pulse (see Eq. 3.4).

When the laser intensity decreases, small deviations between the modulated and unmodulated signal
can lead to large modulation percentages, hence a ROI needs to be de�ned, in which the noise of
the modulation is on an acceptable level. In the following discussions, the ROI is de�ned by the 60th
percentile of the full unmodulated laser pulse image, which results in the pixel index range in this
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Figure 3.12: For the pixels-to-time calibration of the spectrometer, the average modulation at multiple laser
delays was measured (a), and the shift of the modulation peak on the camera sensor compared to the laser
delay was calculated (b). The shift of the laser delay is indicated with a color gradient from blue (earlier) to red
(later), and each curve is the result of an average over 100 000 camera images at a frame rate of ∼2.7MHz. The
color gradient in (b) redundantly encodes the laser delay, and it was added to maintain consistency with (a).
A Gaussian function was �tted to the average modulation at every delay step to determine the pixel position
of the peak maximum. The inverted correlation between the laser delay and the peak position determines
the calibration of the time-axis, and the inverse slope of a linear �t yields the pixel-to-time calibration factor
kpt ≈ (−0.50± 0.01) ps/pixel.

example from 67 to 143. This ROI de�nition was determined experimentally, as it provides a decent
pixel range with an acceptable noise level.

For the pixel-to-time conversion, the following de�nition of the time axis is used: The time refers to a
relative arrival time of the electric signal in the EO crystal, e.g. the head of the electron bunch pro�le
arrives before the tail, hence the time t0 of the head is smaller than the time t1 of the tail. As the laser
delay is changed instead of the electron bunch delay during the time-scan, calculating the time axis
from the time scan data is counter-intuitive. A positive laser pulse delay causes the same shift of the
modulation peak position on the EOSD camera image, as a corresponding negative delay of the electron
bunch. Thus, the conversion of the pixel position to the time axis is inverse to the conversion from the
pixel position to the laser pulse delay.

For the time scan, the laser pulse delay was shifted with stepwise changes of the VM to adjust the
reference signal phase of the PLL (see Chapter 3.1.2.2). 100 000 images were taken at every step, which
takes approximately 37ms per step at the 2.7MHz frame rate. While the delay of the laser pulse
changes, the arrival time of the bunch stays constant, hence the modulation peak on the laser pulse
signal appears to shift relative to the laser pulse delay on the spectrometer image.

Figure 3.12a presents the average modulation at every step during the time scan within the previously
de�ned ROI. Due to the large number of samples N = 100 000, the standard error of the mean (SEM)
(∼ σM/N ) of the averaged modulation is small. To quantify the peak position, a Gaussian function was
�tted to the averaged modulation at every step. With an average width of ∼20 pixel (σ), the displayed
ROI contains only about 4σ width of the peak. Additionally, the amplitude of the modulation peak
changes slightly from one time scan step to the next, which could be caused by wavelength-dependent
e�ects of optical components like the waveplates [27]. It would cause a dispersion of the working point,
which would change the modulation amplitude depending on the wavelength within the spectrum.
In addition, a modulation shift could be caused by the beam-induced heating of the EO crystal, that
causes an e�ective working point shift over time. However, the impact of the amplitude change on the
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Figure 3.13: Averaged temporal pro�le of the unmodulated laser pulse with the calibrated time axis. Multiple
measures can be used to quantify the laser pulse length: The pro�le has a FWHM of ∼28.6 ps and yields a
root mean square (RMS) width of ∼10.5 ps. The temporal pro�le was approximated by a Gaussian function to
obtain the width parameter σ = (12.6 ± 0.3) ps. The �t achieves a coe�cient of determination R2 = 0.978,
meaning that 97.8 % of the total variance is reproduced by the Gaussian. However, the residuals show systematic
deviations, because the Gaussian function is an approximation and does not perfectly represent the underlying
temporal pro�le.

time calibration is small, because it does not a�ect the position of the modulation peak on the camera
sensor directly.

Figure 3.12b presents the laser delay shift over the pixel-position of the modulation peak (µ from the
Gaussian �t). The uncertainty (σ) on the Gaussian �t center is generally too small to be visible in the
plot, but it increases towards the edges of the ROI, as an increasing part of the peak is cut o�. A linear
�t was added to the plot and its inverse slope provides the �rst-order pixel-to-time calibration factor

kpt
KARA = (−0.501± 0.011) ps/pixel. (3.5)

The relation between pixel index and time depends on the chirp of the laser pulse and does not
necessarily need to be linear. In this case, the linear �t yields a reduced χ2 ≈ 0.4 (p-value ∼0.93),
which suggests that the linear function is fully compatible with the data, but the uncertainties might be
overestimated.

Figure 3.13 revisits the averaged KALYPSO image of the unmodulated pulse from Figure 3.11a, but with
a calibrated time axis instead of the camera pixels. Thus, the plot presents the temporal pro�le of the
unmodulated laser pulse in the EO crystal. To quantify the laser pulse length, a Gaussian function was
�tted to the data, yielding

σlaser pulse = (12.4± 0.3) ps. (3.6)

The pulse shape is typically non-Gaussian, but the Gaussian function is a common approximation to
simplify the quanti�cation. In this case, the Gaussian function provides a decent �t to the data, with a
coe�cient of determination R2 = 0.978. However, small systematic deviations of the data from the �t
hint at the fundamental non-Gaussian shape of the laser pulse pro�le. The di�erence also appears in
the calculated RMS width of ∼10.5 ps, which is smaller than the Gaussian σ. If the signal was perfectly
Gaussian, the RMS and the Gaussian σ would be identical. Finally, the pulse width can be quanti�ed as
FWHM ≈ 28.6 ps, which is a commonly used quantity for arbitrary laser pulse shapes.

The electron bunch pro�le in KARA is changing dynamically due to the synchrotron oscillation, the
rotation in the longitudinal phase-space and charge density modulations through collective e�ects like
the micro-bunching instability (see Chapter 2.1.1, and Ref. [50, 57, 61]). Single-shot turn-by-turn EOSD
measurements can capture these changes by measuring for example 100 000 images within 37ms. To
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Figure 3.14: Modulation of 100 000 consecutive EOSD images taken the KARA revolution frequency of 2.7MHz
(turn-by-turn). The plots y-axes show the ROI of the camera pixels (left side) and its corresponding calibrated time
axis (right side), and its x-axis shows the revolution count of the electron bunch (top axis) and its corresponding
measurement time (bottom axis). The top plot presents the full dataset with 100 000 revolutions, the second ranges
over 10 000 revolutions and the third plot ranges over 1 000 revolutions. The di�erent x-axis limits highlight the
di�erent time scales of di�erent features.

visualize this amount of images, the EOSD modulation data is typically displayed as revolution plots,
where the modulation amplitude of the image is color-coded and stacked horizontally [20, 35, 50, 61].

Figure 3.14 presents three revolution plots with decreasing ranges of total revolution counts, providing
a zoom on a selected revolution count range. The zoomed-in plots highlight e�ects at smaller time
scales, which are lost in the plots with larger time scales, due to the limited plot resolution and aliasing.
The x-axis represents the revolution count of the electron bunch in the KARA ring, which corresponds
to the count of the consecutive KALYPSO images. The top-axis provides a conversion of the revolution
count to the measurement duration, using the revolution frequency of 2.716MHz. The ROI of the
camera image is presented on the y-axis, together with the corresponding time-axis on the right side.
The top plot provides an overview of all 100 000 revolution counts and reveals a slow oscillation of
the modulation peak with a period in the order of 2ms. The second plot ranges over 10 000 revolution
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(a) time series (b) FFT

Figure 3.15: Time series (a) and FFT (b) of the evolution of parameters from a Gaussian function

A exp
(

− 1

2

(
x−µ
σ

)2
)

+ C , which was �tted to every single-shot modulation of the EOSD images presented in

Figure 3.14. The time series shows the raw data over ∼100 000 revolutions (blue), and low-pass-�ltered data
(orange), were a Gaussian �lter with a width of σ = 50 frameswas applied. The �rst 500 images were omitted due
to a reproducible unknown issue during the beginning of the data acquisition, that caused an nonlinear intensity
increase over the whole pixel range. Due to the large number of images, oscillations at higher frequencies are
di�cult to identify. The FFT enables the frequency analysis and yields large amplitude variations at di�erent
frequencies. The large contribution below 100Hz likely originates in the parameter o�set and slow drifts caused
by the environment of the data acquisition. Despite the use of a logarithmic scale, it is di�cult to see individual
peaks in the highlighted regions, due to the large amplitude di�erence. Hence, Fig. 3.16 presents the FFT data on
a cropped linear scale to analyze the peaks in the highlighted regions.

counts, revealing faster oscillations with periods on the order of 0.1ms. The third plot ranges over
1 000 revolution counts and reveals dynamic changes within the modulation pro�le, which appear
similar to oblique, parallel lines. To further quantify the mentioned oscillations and dynamic changes,
the evolution of the modulation peak is parametrized and a Fast Fourier Transform (FFT) is applied to
reveal the oscillation frequencies.

To quantify the width σ, center position µ, amplitudeA and o�setC of the modulation peak, a Gaussian
function

f(x) = A · e− 1

2
(x−µ

σ )
2

+ C (3.7)

was �tted to every single-shot image. This method was preferred over calculations of the centroid
or RMS, because it was found to be less sensitive to random outliers and noise. The increasing noise
towards the edges of the ROI impacts the calculation of the centroid and RMS, leading to results that
are more di�cult to interpret. A Gaussian �t was found to provide more stable results. A non-linear
least-squares �t algorithm includes the propagated standard deviation of the modulation data, resulting
in a weighted �t that prioritizes a good �t to data points with lower standard deviation over data with
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Figure 3.16: FFT of the Gaussian �t parameters from EOSD modulation with a cropped and linear y-axis to
highlight certain peaks in the spectrum. The data corresponds to Figure 3.15b, where the full spectrum on a
logarithmic axis is presented. The main features are sorted into three regions: First, the low frequency peak
around ∼437Hz (orange area), which is likely related to the bursts of the micro-bunching instability, which is
especially prominent in σ, µ and A, but also shows potential cross-correlation in the o�set C [50, 61]. Second,
the ∼11.4 kHz peak and potentially its higher harmonics (green area), which occur mainly at the center position
µ and are likely caused by the synchrotron oscillation. Third, multiple peaks above 200 kHz that occur at every
parameter, which could be caused by electrical noise or issues of the data acquisition electronics.

higher standard deviation. It also yields the covariance matrix of the �t parameters in absolute values,
which can be used to calculate the standard deviation of single parameters and their correlation.

Figure 3.15a presents the evolution of the Gaussian �t parameters over the duration of the EOSD
measurement, totaling 100 000 data points per �t parameter. The transparency of each data point Pi

is scaled inversely with its squared uncertainty (1/σ2P,i) to reduce visual clutter and highlight the �t
parameters with small uncertainties. In addition, the result of a weighted Gaussian �lter with a width of
σ�lter = 35 data points is plotted, which corresponds to a cuto� frequency of∼12 kHz. The plotted data
shows a strong variance with many outliers, which is drastically reduced with the Gaussian �lter. Thus,
it hints at strong variations at high frequencies, which is discussed further in the following paragraphs.
The data also reveals slower oscillations, which is expected from the revolution plots in Figure 3.14.

To generally quantify the parameter values and its variance, a weighted mean is calculated with

P =

∑N−1
i=0 wiPi
∑N−1

i=0 wi

, wi =
1

σ2P,i
. (3.8)

The resulting weighted average parameter values

µ = (16.3± 0.7) ps, σ = (8.4± 1.2) ps,

A = (9.4± 3.8)%, C = (0.3± 2.4)% (3.9)

provide a characterization of the average temporal modulation pro�le. The standard deviation of the
averaged �t parameters is non-negligible and likely originates from three main causes:

1. Noisy data: As presented in Figure 3.11b, the modulation is very sensitive to noise of the camera
data.

2. Gaussian �t: The covariance matrix reveals an absolute correlation > 0.75 among σ, A, C . The
correlation increases the uncertainty of the �nal �t parameters, because changes of correlated
parameters have a similar e�ect on the optimization of the �t. Additionally, σ andA of the electron
bunch pro�le are expected to be correlated, because its number of electrons is approximately
constant. Hence, a smaller width σ would result in a larger amplitude A and vice versa.
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3. Beam dynamics: E�ects like the synchrotron motion and the micro-bunching instability cause
dynamic changes of the electron bunch. Thus, the corresponding EOSD signal is expected to
change accordingly.

To analyze the di�erent oscillation frequencies, the FFT of the parameter time series is presented in
Figure 3.15b. Both axes are scaled logarithmically to accommodate the great frequency and amplitude
range. In addition, Figure 3.16 shows the same data, but on a cropped linear y-axis to highlight certain
peaks in the spectrum. Three exemplary frequency ranges with prominent peaks are highlighted as
colored regions to discuss their potential origin.

Region 3 marks the region above 200 kHz and contains multiple sharp peaks in all four Gaussian
parameters. The �rst two peaks mainly occur in the amplitude A and the o�set C , which could be
caused by intensity variations of the laser or changes of the background. Additionally, variation in
amplitude A could also be caused by changes of the distance of the crystal to the electron beam, e.g.
through the betatron oscillation, or by changes of the transverse beam size. However, further studies
are required to evaluate the magnitude and impact of these e�ects. Other peaks across all parameters
could hint to high frequency noise from the readout electronics or the laser system. The Gaussian �lter
in Figure 3.15a, suppresses these features to highlight oscillations at lower frequencies.

Region 2 includes a prominent peak at∼11.4 kHz, which mainly occurs at the modulation peak position
parameter µ, but is also visible in the modulation width σ. Thus, it might originate in the synchrotron
oscillation (see Chapter 2.1.1.5), which typically occurs with a frequency of the order of 10 kHz for
this operation mode [85]. It is followed by frequency peaks with decreasing amplitude at ∼21.4 kHz
and ∼31.6 kHz. As these frequencies are close to multiples of the suggested synchrotron frequency,
it might be caused by microstructures in the electron bunch density, which appear during the micro-
bunching instability [50, 55, 61, 86]. Due to the synchrotron motion, these microstructures rotate in
the longitudinal-phase space, causing a modulation of the longitudinal electron bunch pro�le close to
harmonic frequencies of the synchrotron frequency. The instability frequency appears to be slightly
below the harmonics of the synchrotron frequency, which also appeared in EO far-�eld experiments
of the CSR, where it was attributed to a change of the potential-well distortion, causing a temporary
change of the synchrotron frequency [87].

Finally, region 1 contains a peak most prominent in σ, µ andA at∼437Hz, but it is also visible and only
slightly less prominent in the o�set C . This could hint at the bursting frequency, which corresponds to
regular bursts of high intensity CSR due to the formation of small structures from the micro-bunching
instability. Therefore the bursting frequency is expected to potentially impact the parameters σ, µ and
A of the modulation, but it should not impact the o�set directly. The observed peak in the o�set could
be caused by the mentioned cross-correlation between C,A and σ.
Besides longitudinal e�ects, peaks in the spectrum could also originate in e�ects of the read-out
electronics, cross-correlations of the �t parameters, or coupling with the transverse beam dynamics,
e.g. creating peaks related to the betatron frequency and corresponding side bands. To con�rm
these hypotheses, future investigations with parallel betatron tune measurements are required, as
synchronous data of the betatron tune was not available for the presented example.

In summary, the EOSD data presented in this section highlight the potential of this measurement method
to investigate and monitor longitudinal bunch dynamics of structures in the electron bunch density
in the entire range from long-term changes to turn-by-turn dynamics. It could be tailored to speci�c
applications with sophisticated analysis methods (e.g. phase-space tomography [61]), performing
synchronized measurements with other beam diagnostics [55], and optimizing the experimental setup
(e.g. reducing the crystal size to achieve better resolution [29]). In the context of FCC-ee, the setup at
KARA serves as a foundation for the development of a versatile EO system to monitor longitudinal
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beam dynamics during di�erent operation modes with a wide range of bunch length and bunch charge
densities.

3.1.4 Qualitative study of crystal heating

During EOS measurements at KARA, a drift of the laser intensity over time was often observed of
unknown origin. This drift does not occur without an electron beam, or when the EO crystal is hidden
from the electron beam behind the impedance protection slider. For example, the signal drift is present
in the EOS measurement in Chapter 3.1.3.1, where the recorded EOS signal on the photodiode increased
from∼1.6 V to∼2.7 V within the 15min measurement duration. The drift is also mentioned in previous
publications (Refs. [27, Ch. 6.3] and [88]), where a decrease in signal amplitude was observed during
measurements with multiple bunches in the ring, in particular. It was suggested that it might be caused
by beam-induced heating of the EO crystal and its holder, which causes slight misalignments of the
laser trajectory. As the laser is coupled into a single-mode �ber and the coupling e�ciency is very
sensitive to misalignment, the heating causes a change of the laser intensity on the photodiode at the
end of the �ber. Thus, it is an important factor for the development of an EO monitor for FCC-ee,
because a greater heat load is expected caused by its high beam currents.

Across multiple EO measurements at KARA, it was noticed that the signal drift can be compensated by
readjusting the working point of the EO setup. This e�ect hints at a change in the laser polarization
over time, which causes an e�ective shift of the working point. This leads to the hypothesis that heating
of the EO crystal and its holder causes a laser polarization change, in addition to possible misalignments
of the laser trajectory. The temperature change could cause localized mechanical stress on the EO
crystal through a temperature gradient within the crystal, or through di�erences in thermal expansion
rate between the crystal, its holder and its coatings. Mechanical stress can change the birefringence of
the EO crystal via the photo-elastic e�ect [89, 90], and therefore change the polarization of the probe
laser.

This section presents an estimation of the typical heating power of the electron beam at KARA and a
dedicated experiment to heat the EO crystal and investigate its impact on the laser signal at the output
of the EO monitor.

3.1.4.1 Heating power estimation

The EO crystal poses an impedance to the electron beam, which causes an energy loss of the beam and
creates a wake�eld. This energy loss is characterized by the loss factor [21]

kl =
2

q2

∫
∞

0
Re(Z(ω))Q2(ω) dω, (3.10)

with bunch charge q, impedance Z(ω) and longitudinal bunch form factor Q(ω) (Fourier transform of
the longitudinal charge distribution). The loss factor describes the generalized energy loss of a single
particle per turn, hence the total deposited power (heating power) results in

P =
I2total

frep · nb
· kl = q2 · frep · nb · kl = frep · nb · 2 ·

∫
∞

0
Re(Z(ω))Q2(ω) dω, (3.11)

with the total beam current I and number of bunches nb.
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Figure 3.17: Real part of the longitudinal impedance and the longitudinal bunch form factor (Fourier transform
of the longitudinal bunch charge density) from a simulation of the EO crystal at KARA. The wake�eld solver
of CST studio suite was used to simulate the impedance of only the EO crystal without its holder for typical
beam parameters at KARA to estimate the heat load. The maximum frequency of the impedance calculation is
limited by the computing power, as higher frequencies require the simulation of shorter bunch lengths, which
is computationally expensive. However, the impedance is scaled with the bunch form factor squared for the
calculation of the heating power (see Eq. 3.10), which drastically reduces the impact of the impedance at high
frequencies.

Figure 3.17 presents the impedance Re(Z(ω)) of the EO, resulting from a simulation of the CST
wake�eld solver [48], which numerically calculates the wake�eld and impedance of a given bunch
charge distribution within a three dimensional structure. Additionally, the form factor of an Gaussian
bunch pro�le with length σ = 2.96mm(∼9.8 ps) is presented, which is the approximate bunch length
during the EOS measurement of Chapter 3.1.3.1. With the corresponding bunch charge q = 274 pC and
its 2.716MHz repetition rate, the simulated impedance results in a deposited power P ≈ 15mW.

With an estimated massm = 0.72 g of the 5mm × 5mm × 7mm GaP crystal of the EO setup at KARA,
and an assumed speci�c heat cT ≈ 0.44 (J/gK) at room temperature [91], the crystal temperature
would increase by ∆T ≈ P ·60

m·cT
≈ 2.8 ◦Cmin−1. However, this temperature increase is a rough

estimate of the upper limit, because heat losses to the environment will reduce the temperature increase
and, at some temperature, lead to an equilibrium, where the crystal temperature no longer increases.
Additionally, the speci�c heat slightly increases with temperature [91], which also leads to a reduced
temperature change through heating. However, the result shows that the order of magnitude of the
generated heating power on the EO crystal at KARA is non-negligible and could cause noticeable
temperature changes.

3.1.4.2 Experiment to investigate the impact of crystal heating

To observe the impact of EO crystal temperature changes on EO measurements, a mock-up of the
KARA EO interaction module was set up in the EO laboratory. This setup enables heating of the EO
crystal with hot air, while monitoring the power of the unmodulated laser pulses at the output of the
mock-up monitor. Additionally, the polarization analyzer in the EO monitor allows to determine if
the temperature change also causes a polarization change of the laser pulses. A brief summary of this
experiment was published in Ref. [3].

A photograph of the mock-up interaction module is presented in Fig. 3.6a of Chapter 3.1.2. In contrast
to the installed EO interaction module at KARA, the mock-up module is not enclosed by a vacuum
chamber, which makes the crystal and its holder accessible. A hot-air blower was �xed at a distance
of ∼2m and aimed at the EO crystal at the end of the monitor arm to enable slow consistent heating.
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Figure 3.18:Measured temperature (orange) of the EO crystal and normalized laser power output Plaser/Pmax

(blue) of the mock-up EO interaction module during heating the crystal and its holder with hot air. Pmax is
the maximum achievable laser power output, when the working point is set to parallel con�guration of the
polarization analyzer. The data points show an estimated statistical uncertainty as error bar, but additionally, the
temperature measurement has a large systematic uncertainty due to unclear calibration of the thermal imager. For
the experiment, The working point was initially set to a crossed con�guration to minimize the laser output power.
To detect an e�ective drift of the working point, a scan of the λ/4 and λ/2 waveplate angles was done between
the 10min to 20min mark, hence the power measurements are missing during that period. (Also presented in
Ref. [3])

The crystal temperature was recorded with a thermal imager (Testo 868), which was mounted ∼20 cm
above the EO crystal. The thermal imager provides a 2D temperature map with 160 px × 120 px pixels,
of which the temperature at the center of the EO crystal was recorded. The systematic uncertainty on
the absolute temperature values is large, because the imager was not calibrated for the GaP crystal. A
precise calibration would require the emissivity of the EO crystal, which is not known and depends
on the material and its surface preparation. Thus, the measurement is not suitable for a detailed
assessment of absolute temperatures but it is su�cient for a rough estimate of the temperature trend in
this experiment during the heating and cooling process.

To detect the drift of the laser pulse power, the same laser system as for KARA EO measure was used,
but the laser ampli�er output was connected to the input of the mock-up module in the EO lab via a
5m optical �ber. After the laser pulses in the mock-up module pass through the EO crystal and the
following polarization analyzer (λ/4-, λ/2 waveplate and PBS, see Fig. 3.6b), the average output laser
power is measured with a �ber-coupled power meter (Thorlabs S120C).

The working point was initially set to a crossed con�guration with ϕ = 0◦, θ = 0◦, hence the output
laser power is at minimum. In this con�guration, the output power is typically slightly above zero
Watts, due to imperfections and dispersion of the polarization analyzer.

Figure 3.18 presents the trend of the crystal temperature and relative laser power Plaser/Pmax over a
heating cycle. The relative laser power represents the fraction of the laser power Plaser compared to
the maximum Pmax at parallel con�guration of the polarization analyzer. The temperature and laser
power reach a global maximum at 22minutes 31 second, which coincides with turning the heating o�.
During the heating period, the temperature and laser power increases on average, but it also has two
local minima, where the temperature and laser power decreased brie�y. These local minima are likely
caused by the air conditioning system of the EO laboratory, which occasionally provides cool air that
decreases the room temperature and disturbs the air �ow of the hot-air blower. The partly missing data
approximately from 10min to 20min is caused by additional waveplate scans, which were conducted
to compare the relative working point at high temperature to the initial working point.
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Figure 3.19: Crystal temperature over relative laser power from the measurement presented in Fig. 3.18. The
original temperature and laser power time series were merged with a nearest-neighbor approach with a one-
second matching tolerance. The errorbars indicate the statistical uncertainty, but the temperature measurements
have an additional unknown systematic uncertainty due to the missing calibration of the thermal imager. The
plot indicates a correlation between temperature and laser power, which also shows in the Pearson correlation
coe�cient of 0.971, meaning that 97 % of the laser power variance can be explained by a positive linear correlation
to the crystal temperature. Its small p-value on the order of 1 × 10−119 additionally highlights the existence of a
statistically signi�cant correlation between the relative laser power and the crystal temperature.

After the heating was turned o�, the temperature and laser power return to the initial value before
the heating. The decrease is similar to an exponential decay towards an asymptote, but it also exhibits
some small steps. the steps are more pronounced in the temperature and slightly o�set to the relative
power measurements. The steps are likely caused by the occasional cool air from the air conditioning
system of the EO laboratory. The di�erences in time and amplitude of the steps between temperature
and power measurements is not clear. A possible cause is systematic errors of the thermal imager,
of which the temperature readings might be in�uenced by the cardboard that was placed behind the
crystal as background. The cardboard probably cools faster than the EO crystal, or it is impacted more
directly by the air �ow of the air conditioning.

Figure 3.19 presents a plot of the relative laser power over the crystal temperature. Since both variables
were measured as separate time series (see Fig. 3.18), they have been merged by matching each laser
power measurement to its nearest temperature measurement (nearest-neighbour approach), within a
one second interval. If no matching measurement was found within the interval, the data point was
omitted.

The graph indicates that the relative laser power increases with the crystal temperature. As explained
previously, the thermal imager is not calibrated properly to the material and surface of the crystal
material, which introduces an unknown systematic uncertainty on the temperature readings. Thus, the
data does not allow to determine a direct relation between the laser power and absolute crystal temper-
ature, but it can be used to test for a correlation. To quantify the correlation, the Pierson correlation
coe�cient was calculated, which yields 0.971 with a small p-value on the order of 1 × 10−119. Hence,
∼97 % of the laser power variance can be explained by a linear correlation to the crystal temperature
and therefore the Pearson correlation coe�cient reveals a statistically signi�cant correlation between
both quantities.

To test if the relative laser power change originates in a change of the laser polarization, a scan of
the λ/4 and λ/2 waveplate angles ϕ, θ of the polarization analyzer was done once before, after and
during the heating cycle. Scanning the ϕ and θ while monitoring the laser power after the polarization
analyzer can reveal changes in the e�ective working point, which hints at a polarization change of
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the laser (see Chapter 2.2.3). For example, if the working point is initially in a crossed con�guration
with ϕ0 = 0◦, θ0 = 0◦, no laser light passes through the analyzer. When the laser polarization changes,
light passes through the analyzer, increasing the laser power at the output. A following scan of the
waveplate angles reveals new waveplate angles to achieve a minimum output power at ϕ1, θ1. Shifting
the working point to ϕ1, θ1 mitigates the laser polarization shift and returns the working point to a
crossed con�guration. Thus, a change of the laser polarization e�ectively changes the working point
and leads to changes of the output laser power.

Before the start of the heating cycle, the working point was set to a crossed con�guration with ϕ0 = 0◦,
θ0 = 0◦. Thus, the waveplate angles were set to the position of minimum output power. After the
heating cycle, when the temperature returned to the initial room temperature, the minimum laser
power was still at the same working point with ϕ0, θ0. However, the waveplate scans during the heating
cycle in the time range from 10min to 20min (see Fig. 3.18 revealed a shift of the minimum of the λ/4
waveplate angle to ϕ ≈ −2◦ and of the λ/2 waveplate angle to θ ≈ 0.6◦.

In summary, the experiment proved the correlation between the crystal temperature and the output
laser power, which supports the hypothesis of temperature-induced drift of laser power during EO
measurements at KARA. Additionally, scans of the waveplate angles during the heating cycle hint at a
heat-induced polarization change of the laser. The polarization change is equivalent to a change of
the EO working point, hence it is likely part of the reason for the laser power drift. Its origin could be
mechanical stress caused by gradients in thermal expansion rate within the EO crystal and between
the crystal and its holder. Generally, strain on the crystal lattice is known to cause changes in its
birefringence [89, 90], and the birefringence in�uences the laser polarization after the crystal.

During single-shot EOSDmeasurements, the bunch-induced modulation can change the laser amplitude
by a couple of percent within picoseconds or less (see KARA EOSD in Chapter 3.1.3.2), which is orders
of magnitude faster in comparison to the slow temperature induced drift (e.g. ∼30 % baseline intensity
decrease over 15 minutes during EOS at KARA in Fig. 3.9). Therefore it is possible to mitigate its e�ect
by readjusting the working point directly before the measurement. To quantify and possibly predict
the e�ect, an improved experimental setup with a calibrated temperature probe is necessary. As the
extent of the heating depends on the beam current and the impedance of the crystal (see Eq. 3.10), it is
important for the implementation at FCC-ee to decrease the impedance as much as possible to reduce
the heat load. Due to FCC-ee’s high bunch charges, a signi�cantly lower impedance might be possible,
because the EO crystal can be positioned further away from the beam while keeping a similar signal
strength. However, especially the high beam current during Z-operation provides a challenge which
might require addition thermal management. Additionally, it might be possible to extrapolate the laser
power drift and use it to calculate the corresponding e�ective change of the working point. This would
enable automatic adjustments of the the working point to keep the laser output stable and thus mitigate
the e�ect of the crystal heating. Furthermore, optimizations of the crystal holder to reduce localized
mechanical stress during thermal expansion could help to mitigate the e�ects of the crystal heating on
EO measurements.

3.2 EO at the Ferninfrarot Linac- und Test-Experiment (FLUTE)

At FCC-ee, the commissioning of an EO monitor is particularly challenging due to its large-scale infras-
tructure and corresponding long transmission lines in combination with the required precise arrival
time synchronization of the laser pulses and particle bunches on a picosecond level. The commissioning
of the EO monitor at FLUTE provided valuable experience in achieving precise frequency and phase
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Figure 3.20: Schematic overview of the EO monitor at FLUTE, which is installed after the bunch compressor.
The general principle is similar to the system at KARA (see Chapter 3.1.2), and uses the same laser oscillator,
ampli�er and a similar EO interaction module. The laser system is positioned in the measurement room next to
the experimental hall of FLUTE, and a PM and SM optical �ber with 35m length is used to transport the laser to
the interaction module and back to the measurement room for the EOSD detection system. In contrast to the
setup at KARA, the laser is split at the output of the interaction module with a �ber optic splitter to send ∼10 %
of the laser pulse power onto a photodiode within the experimental hall, while the other ∼90 % of the light is
transported to the measurement room to a spectrometer for EOSD measurements.

synchronization and enabled to identify potential challenges and methods for the commissioning at
FCC-ee.

The Ferninfrarot Linac- und Test-Experiment (FLUTE) is a linear accelerator and test facility for acceler-
ator physics at KIT, with a focus on the production of ultra-short electron-bunches and corresponding
ultra-short THz-pulses and their applications [92, 93]. The short bunches of FLUTE serve as a test
bench for the development of new diagnostic methods and tools for future accelerators, like single-shot
femtosecond diagnostics with a compact transverse de�ecting structure (compact TDS) [94–96], and an
in-vacuum EO monitor [97], with their required synchronization on a femtosecond level. This section
outlines the challenges and solutions that enabled �rst successful EOSD measurements at FLUTE and
it highlights the lessons learned for the FCC-ee EO monitor commissioning. In addition, �rst EOSD
bunch pro�le measurements are presented, utilizing FLUTE’s bunch compressor to achieve di�erent
bunch lengths.

3.2.1 Experimental setup of the EO system at FLUTE

The electron bunches of FLUTE are generated with a photo-injector, which utilizes the photo-electric
e�ect to produce short bursts of electrons by hitting a copper cathode with high intensity laser pulses.
For the EO measurements, the low-energy section provided electron energies of up to 7MeV with
repetition rates of 10Hz or 50Hz and the following S-band linac accelerated the electrons to energies
of 30MeV to 40MeV. The following bunch compressor contains a chicane made of four dipole magnets,
which enables longitudinal compression of a chirped electron bunch. The chirp can be changed by
changing the RF phase in the linac, thus adjustments of the RF phase and the dipole strength in the
bunch compressor enable bunch length variations [98, 99]. The interaction module of the EO monitor
is positioned after the chicane to enable measurements at di�erent bunch lengths.

Figure 3.20 presents a schematic overview of the EO monitor at FLUTE. The setup is similar to the
system at KARA and uses the same laser oscillator and ampli�er and EO interaction module, which is
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described in Chapter 3.1.2. The synchronization of the laser repetition rate with the bunch repetition
rate of FLUTE follows a principle similar to that at KARA (see Chapter 3.1.2.2, but uses di�erent
hardware based on the MicroTCA standard [100]. The synchronization system creates a phase-locked
loop (PLL), where the oscillator cavity length is continuously adjusted to match the laser pulse repetition
rate with a timing signal of FLUTE’s master oscillator. The pulse picker is included in the laser ampli�er
and reduces the original laser repetition rate from 62.5MHz to 50Hz to match the repetition rate of
FLUTE.

The laser light is transported through a 35m long PM �ber from the measurement room to the EO
interaction module in the experimental hall of FLUTE with the EO crystal installed in the vacuum
chamber after the bunch compressor. Similarly to the setup at KARA, it is mounted on a linear
stage to adjust the distance between the EO crystal and the electron beam (see Chapter 3.1.2.3). A
vacuum valve enables installation or crystal change without directly ventilating the beam pipe. The
EO interaction module is almost identical to the module at KARA (see Fig. 3.6b) and also includes
a 5mm × 5mm × 7mm EO crystal. However, the optics box has an additional grating compressor
installed before the EO crystal to further adjust the laser pulse length.

The laser output of the interaction module is split with a �ber optic splitter to obtain ∼10 % of the
laser light onto a �ber-coupled photodiode (EOT ET3010) in the FLUTE experimental hall for EOS
measurements. The remaining ∼90 % of the laser light is transported through a 35m long SM �ber
to the measurement room, where the laser is out-coupled via a collimator and led to a grating-based
spectrometer for EOSD measurements.

The photodiode of the EOS setup is connected to an oscilloscope (R&S RTO64) directly in the experi-
mental hall. The signal of a BPM downstream of the EO interaction module is also connected to the
same oscilloscope to serve as a timing reference, in combination with a reference signal from the timing
distribution system of FLUTE. This setup is positioned in the experimental hall to keep the �ber and
cable lengths short, which simpli�es the approximation of signal arrival times. Thus, the EOS setup
focuses on the initial synchronization of the laser pulse arrival time to achieve temporal overlap with
the electron bunch �eld in the EO crystal.

The spectrometer in the measurement room enables single-shot EOSD measurements of the laser pulse
spectrum to decode the longitudinal electron bunch pro�le. The setup is again similar to KARA, with
a grating to disperse the laser pulse and a lens to focus the spectrum onto a line-array camera [71].
Instead of the ultra-fast camera KALYPSO, a commercial line-array camera with an 512 pixel InGaAs
sensor (Andor iDus DU490A-1.7) is used, because it is su�cient for the low repetition rates of FLUTE.

For the following presented EOSD measurements, the working point was set by the angles of the λ/4
waveplate ϕ = 0◦ and λ/2 waveplate θ = 2◦. This near-crossed setting was experimentally determined
with additional EOS measurements at multiple working points to provide both high modulation and a
decent SNR.

3.2.2 Commissioning and first EOSD measurements at FLUTE

One of themajor challenges during the commissioning of the EO system at FLUTE is the synchronization
of the electron bunch with the laser pulse arrival time to achieve a �rst EO signal. Precise timing
is crucial, as the time window for temporal overlap is on the order of 20 ps (a convolution of the
longitudinal bunch and laser pro�le), which is one billion times shorter than the delay between two
electron bunches (∼20ms at 50Hz repetition rate). Hence, a simple search for the overlap with an EOS
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scan that covers the full time range between two bunches by changing the laser pulse delay is too
time-consuming for practical use.

There are multiple strategies to narrow down the search window for signal overlap. For example, using
a continuous wave (CW) laser instead of the pulsed laser allows to trigger on the modulation directly
with an oscilloscope (see Chapter 5.4.6). However, this requires an additional laser system and a high
modulation intensity to achieve a good signal-to-noise ratio (SNR). Alternatively, drastically increasing
the laser repetition rate to reduce the time between two pulses reduces the required scan range. E.g.,
using the full 62.5MHz repetition rate of the laser oscillator reduces the required scan range to the
interval between two pulses of 2 ns. This guarantees to get a modulated laser pulse during the laser
delay scan with a range of 2 ns, but since there would be 10 million laser pulses in the time between
two electron bunches, it remains di�cult to �nd the one modulated laser pulse.

Thus, a di�erent approach was used, where a reference signal from a BPM was used to estimate
the required laser pulse timing to achieve temporal overlap with the electron bunch (similar to the
commissioning at KARA [27]). The electron bunch induces an electrical signal in the metal pick-up
of the BPM in the vacuum chamber, which is connected to an oscilloscope. The photodiode of the
EOS setup is also connected to this oscilloscope to provide a signal of the probe laser pulse. The delay
between the BPM signal and the expected beam-induced modulation of the EOS measurement can be
estimated by approximating the EO signal propagation delay from the EO crystal to the oscilloscope
and subtracting the reference signal propagation delay of the BPM to the oscilloscope. Since the BPM
is located ∼1m downstream of the EO crystal, the propagation time of the electron bunch must also be
taken into account.

To simplify the estimation and reduce systematic errors, short cables and �bers were chosen, and
the oscilloscope was positioned directly in the experimental hall. This led to an estimated delay of
∼22 ns between the BPM signal and the bunch-induced EO modulation of the laser pulse. Thus, the
oscilloscope was set to trigger on the BPM signal and the laser pulse delay scanned around the 22 ns
mark. As the estimation is expected to have a relatively large uncertainty, a scan range on the order
of 10 ns was chosen, resulting in a scan duration of a couple of minutes. With the persistent mode
enabled, the oscilloscope overlays all measured waveforms during the scan, which helped to �nally
detect a modulation of the amplitude of the laser pulse signal at a laser pulse delay of ∼25.7 ns to the
BPM signal.

In preparation of the following measurements, the EO crystal was moved closer to the electron
beam, until a decrease in bunch charge was measured with an integrating current transformer (ICT)
downstream of the EO crystal. The EO measurements were conducted with an approximate bunch
charge of 250 pC, and the crystal was positioned as close to the electron beam as possible without
reducing the bunch charge.

Figure 3.21 presents EOSD measurements of the spectrometer camera during a laser delay scan close
to 25.7 ns delay to the BPM. The presented heatmap is similar to the revolutions plots of Fig. 3.14 at
KARA, where the modulation amplitude of each camera image is displayed as a vertical strip of pixels.
The calculation of the modulation follows Eq. 2.39 and the EOSD analysis of the KARA example in
Chapter 3.1.3.2. However, in contrast to KARA, the trend of multiple images along the x-axis represent
the laser delay change instead of the revolution count. The resulting images are cropped to a region of
interest, which is de�ned by the 70 percentile of an unmodulated laser pulse image.

Since the delay of the laser pulse is scanned, but the arrival time of the electron bunch stays constant,
the modulation of the electron bunch creates a diagonal line on the heatmap. It also reveals a pattern
of following alternating diagonal dark and light lines, which are caused by the positive and negative
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Figure 3.21: Modulation heatmap of EOSD images during a laser delay scan. The modulation of a single EOSD
image is displayed as a vertical stripe, and successive images are stacked from left to right during a scan of the
laser pulse delay. The pixel range is cropped to a ROI, which contains the 70th percentile of an image with the
unmodulated laser pulse. As the delay increases, the modulation from the electron bunch �eld moves through the
laser pulse pro�le from top to bottom, creating a diagonal stripe. This data is used to calculate the pixel-to-time
calibration factor kptFLUTE, using the pixel position change of the modulation peak during the given laser delay
shift.

modulations from the wake�eld. In comparison to the revolution plots at KARA, the modulation has a
smaller width, hinting at a small electron bunch length in comparison to the laser pulse length.

The data of the laser delay scan was also used to convert the pixel position into a time-axis. The
principle of this conversion is based on how much the pixel position of the modulation peak changes
for a known change of the laser delay, and it is described in more detail in the previous Chapter 3.1.3.2.
For these FLUTE EOSD measurements, the conversion is approximately linear with a pixel-to-time
calibration factor

kpt
FLUTE = (0.288± 0.020) ps/pixel. (3.12)

Applying the conversion factor to spectrometer images of an unmodulated laser pulse reveals a laser
pulse length of σlaser pulse = (10.06± 0.07) ps (FWHM = 19.68 ps). Hence, the laser pulse length is
approximately 2.5 ps (9.9 ps FWHM) shorter than at KARA, which is expected due to the additional
compressor in the optics box of the EO interaction module.

Figure 3.22 presents the modulation of a single-shot measurement at FLUTE and its standard deviation
across multiple measurements. It shows the increasing standard deviation towards the edges of the ROI,
because the laser signal intensity decreases (see also Chapter 3.1.3.2). The peak modulation amplitude
reaches ∼25.2 % with a peak width of σ = (2.7± 0.1) ps (FWHM = 5.8 ps). Thus, the bunch length is
shorter than at KARA and the EO modulation of the Coulomb �eld only covers a small part of the laser
pulse. The bunch length at FLUTE depends on multiple machine parameters, in particular the RF phase
and the magnet settings of the bunch compressor [98, 99]. For this particular measurement, the RF
phase was set to be 10° o� crest, which is expected to result in a slight bunch compression compared to
an on-crest (0°) RF phase.

The �rst application of the EOSD setup followed directly after its commissioning, with measurements
of the bunch pro�le at di�erent settings of the RF phase in combination with the bunch compressor.
Starting from the on-crest (0°) RF phase, the RF phase was increased to 5° and 10° with constant angle
and magnetic �elds of the bunch compressor, which was expected to shorten the bunch due to the
corresponding change of its chirp. Finally, the RF phase was slowly increased to 29° while optimizing
the bunch compressor to achieve a small bunch length, based on live EOSD data in the control system.
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Figure 3.22: Modulation of single EOSD image
with calibrated time-axis. A light blue error
band shows the calculated standard deviation from
100 consecutive measurements. The uncertainty in-
creases towards the edges, because the range of the x-
axis corresponds to the previously de�ned ROI, where
the laser intensity decreases towards the edges. The
modulation has a peak width of σ = (2.7 ± 0.1) ps
(FWHM = 5.8 ps), suggesting a much shorter bunch
length than the measurement at KARA in Chap-
ter 3.1.3.2.
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Figure 3.23:Modulation of averaged EOSD images
for di�erent bunch lengths at FLUTE. The standard
error of the mean is illustrated as an error band, but
it is very small due to the averaging over 100 mea-
surements. The bunch length changes are caused by
a electron bunch chirp changes through RF phase
adjustments in combination with a following bunch
compressor. The RF phase angle is de�ned relative
to the on-crest setting, and the magnets of the bunch
compressor were constant except for the setting with
RF phase 29°, where it was optimized to achieve short
bunches.

The remote operation was made possible by integrating its motors, synchronization and data acquisition
in the control system.

Fig. 3.23 presents averaged EOSDmeasurements at the mentioned di�erent RF phase settings of 0°, 5°, 10°
and 29°. To reduce the uncertainty, the measurements are averaged over 100 images, providing a small
standard error of the mean. The peak width σ was calculated by �tting a Gaussian function, yielding
σ = (3.08±0.07) ps, (2.92±0.05) ps, (2.43±0.03) ps and (2.23±0.03) ps. Hence, the resulting EO
modulation peak width decreases with increasing RF phase, while the modulation amplitude increases
with approximately 14 %, 19 %, 26 % and 51%. This evolution of the peak width and amplitude generally
follows the expectation, because the RF phase changes increase the chirp of the electron bunch, which
improves the compression of the bunch compressor, resulting in shorter bunches. Since the bunch
charge is not a�ected, shorter bunches lead to an increased charge density, causing a stronger Coulomb
�eld, which results in a stronger EO modulation. The modulation at the RF phase of 29° shows a
negative modulation shortly after the positive main peak. The negative peak likely originates from the
wake�eld, because a higher charge density ampli�es the wake�eld amplitude, making it more visible
towards shorter bunch lengths. While the statistical uncertainty of the averaged measurements is
small, systematic uncertainties might require further investigation, as the length of the 7mm thick GaP
crystal in combination with the long laser pulse durations relative to the bunch duration could lead to
additional broadening of the signal (see Chapter 2.2.5, and Refs. [26, 64]).

In summary, the commissioning of the EO monitor at FLUTE provided some challenges, in particular
with the precise synchronization of the laser pulse arrival time with the electron bunch. Using the EOS
setup in combination with a reference signal from a BPM on the same oscilloscope helped to �nally
achieve the measurement of a �rst EO modulation. After successful commissioning, a study with EOSD
measurements at di�erent bunch lengths was performed, using FLUTE’s bunch compressor.

The EO monitor commissioning at FLUTE highlighted the importance of a reference signal to estimate
the required laser pulse delay for achieving temporal overlap with the electron bunch. This will also
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be crucial for FCC-ee, because the high radiation levels and limited space in the accelerator tunnel,
and especially the arc sections, likely requires the laser system and detection system to be located in a
cavern of a straight section. It leads potentially to long �bers and cables for the signal transmission,
which, next to potential issues with laser pulse lengthening from the �ber dispersion, additionally
increases the di�culty for the arrival time synchronization. The experiments at FLUTE showed that
it is possible to set the EO monitor up for remote operation and that it will be crucial to keep �ber
lengths as short as possible in addition to providing a bunch arrival time reference signal for the EO
monitor commissioning at FCC-ee.
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4 Numerical simulations of an EO beam

monitor

The beam parameters of the Future Circular Lepton Collider (FCC-ee) are unique and provide challenges
for the development of an electro-optical (EO) longitudinal bunch pro�le monitor, especially due to its
wide range of bunch lengths and high bunch charges. To evaluate the speci�c challenges for an EO
monitor and develop solutions with a concept design, a simulation procedure has been set up based on
the EO monitor at Karlsruhe Research Accelerator (KARA).

This chapter provides a comprehensive explanation of the simulation procedure, a comparison of
its results to electro-optical sampling (EOS) measurements at KARA, followed by an evaluation of
the challenges for an EO monitor under FCC-ee’s beam conditions and the development of a novel
crystal holder design for FCC-ee. Thus, this chapter expands upon the concise descriptions in previous
publications [1, 3, 5, 6], but the simulation parameters have been updated in this thesis to match the
published parameters of the FCC-ee feasibility study report [9].

4.1 Simulation environment

The simulation procedure aims to replicate EOS and electro-optical spectral decoding (EOSD) measure-
ments at KARA (see Chapter 3.1) and later extrapolate by simulating with FCC-ee’s beam parameters.
Hence, the simulation procedure follows the EO monitor principle of Chapters 2.2.3, of which the major
simulation steps are presented as a �ow diagram in Fig. 4.1. It starts with a numerical simulation of EO
crystal in the beam �eld of a passing particle bunch in the vacuum chamber, which us conducted with
the Wake�eld solver of the CST Particle Suite [48]. The resulting electric �eld in the crystal is further
processed with Python scripts to simulated the laser pulse to probe the EO e�ect in the crystal, the
following polarization analyzer that de�nes the working point, and the subsequent detection system.

The simulation steps are discussed in detail in the following sections with example parameters from
the KARA EOS measurement of Chapter 3.1.3. The corresponding input parameters for the simulation
are summarized in Table 4.1, and are explained at corresponding locations during the following
explanations.

E-�eld
in EO crystal

probing EO e�ect
with laser pulse

polarization
analyzer

detection
system

Figure 4.1: Flow diagram of the simulation procedure.
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(a) CAD model (Courtesy of S. Schott) (b) Simpli�ed model in CST Studio

Figure 4.2: Comparison of the original KARA CAD (a) and the simpli�ed 3D model for CST simulations (b).
It shows the in-vacuum crystal assembly with the EO crystal and a small mirror protruding into the vacuum
chamber. In CST, the crystal is colorized in turquoise, while it is orange in the CAD model. The vacuum chamber
is displayed transparent in CST, while in the CAD model, the vacuum chamber is cut along the y-z plane to make
the crystal visible. The blue line with arrow-heads represents the electron beam trajectory in the CST model.

4.1.1 Numerical simulation of the electric Field

To simulate the electric �eld within the EO crystal, the Wake�eld Solver of the CST Particle Suite [48] is
used. This numerical solver requires a 3Dmodel of the in-vacuumEO section and the longitudinal charge
distribution and trajectory of the propagating particle bunch. The solver computes the electromagnetic
�eld of the particle bunch and its interactions with the surrounding material in time domain on a 3D
mesh. The resulting �elds are expressed in terms of wake potentials, and probe points can be placed in
the 3D model to directly retrieve the electric �eld. This enables the simulation of EO measurements, as
it models the electric �eld dynamics within the EO crystal.

4.1.1.1 Approximations and resulting limitations

One of the central challenges in setting up the simulation is to balance computational e�ciency with
accuracy of results, which inevitably leads to some approximations in the simulation procedure. In
this thesis, both qualitative and quantitative approaches have been applied, to evaluate the impact of
di�erent simulation parameters:

1. The mesh size has been systematically varied until the resulting wake potential converged. For
instance, when the mesh size is su�ciently small, further re�nement leads to only tiny changes
in the shape of the resulting wake potential. Thus, the mesh size is set to the largest acceptable
value, thereby reducing computation time with minimal impact on accuracy.

2. Certain parameters, such as simpli�cations of the vacuum chamber geometry, were determined
based on informed assumptions. The validity is evaluated qualitatively in an a posteriori compar-
ison of the simulation results to measurements at KARA, as discussed in Chapter 4.2 enabling a
qualitative evaluation.

The following paragraphs explain the most prominent applied approximations and discuss its impact
on the simulation accuracy.

For this thesis, the 3D model of the KARA EO monitor was created directly in the CST software based
on the original CAD design. The geometry has been simpli�ed in the process, while keeping the large
scale dimensions as accurate as possible. Figure 4.2 presents a comparison of the original KARA CAD
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4.1 Simulation environment

design and the simpli�ed 3D model for the simulation. Parts far away from the crystal or outside the
vacuum have been neglected, as well as screws and other small details. The exceptions are the crystal
and its holder, which remain reasonably detailed parts. Since simulations of EO measurements are based
only on the electric �elds inside the EO crystal, parts in close vicinity of the crystal have been designed
with more details. This is also re�ected in the mesh resolution, which varies across the 3D model and
is �ner close to the crystal. In frequency domain, a coarser mesh limits the maximum frequency of
the simulation and missing details in the 3D model will show up as missing or shifted peaks in the
spectrum of the simulated data. On the other hand, the computing time increases with a �ner mesh
and a detailed geometry. To �nd a balance, scans with decreasing mesh size and increasing details of
the geometries have been done until the electric �eld dynamics in the EO crystal did not show any
major changes. This resulted in a maximum frequency of 100GHz for the simulation examples in this
thesis, which was also used for the comparison to measurement data from an EOS scan at KARA(see
Chapter 4.2).

Another limitation of the Wake�eld Solver is the approximation of the particle beam as a rigid 1D
current distribution (longitudinal bunch pro�le) moving along a given beam axis. It leads to accurate
simulations of the electric �eld strength, if the probe distance r to the beam center is much greater than
the transverse beam size σxy , and if no self-interaction of the bunch is expected. However, evaluating
the accuracy of this approximation for the simulated electric �eld strength in the EO crystal requires
knowledge of the transverse charge density pro�le of the beam, the position of the EO crystal and the
probe laser trajectory within the crystal. These values are often not available in experiments. As the
crystal is usually at a certain distance to the beam to avoid a�ecting the beam dynamics and to avoid
damage from direct impact of the particle beam, the impact of the line charge density approximation is
expected to be small. However, it depends on the speci�c measurement scenario and can increase the
uncertainty of the resulting simulated �eld strength.

The longitudinal bunch pro�le is an input parameter for the simulation. It can be parametrized with a
prede�ned Gaussian function, or it can be de�ned as a custom pro�le from discrete data. Since the solver
is optimized for Gaussian bunches, custom pro�les increase computing time. High-resolution custom
pro�les, in particular, substantially slow down the simulation, as their high frequency components
require additional mesh re�nement. This thesis employs Gaussian pro�les, as it provides reasonable
approximations of key quantities such as the bunch length and peak charge density. Fine structures
in the bunch pro�le and other e�ects on the beam are neglected at this stage, as they are not critical
for developing a general EO monitor concept. The Gaussian parametrization is directly de�ned by
the baseline parameters (bunch charge and bunch length) provided by FCC-ee optics studies. Thus,
it enables systematic investigations on how the EO setup at KARA must be adapted to the high-
intensity beams of the various FCC-ee operation modes, which is essential for the development of a
�rst prototype.

4.1.1.2 Probing the electric field for EO measurements

Figure 4.3 presents an example for the simulated total electric �eld on a cross-section of the EO monitor
model. In this frame, the electron bunch is located directly below the crystal assembly. The electric
�eld is strongest close to the electron bunch and stretches mostly in y-direction. This shape of the
electric �eld is caused by high Lorentz factor γ ≈ 2500, which leads to a strong Lorentz compression
(see Chapter 2.1.3). The crystal, the mirror and the crystal holder protrude into the vacuum chamber
and interact with the electric �eld, causing a complex dynamic of the electric �eld inside the crystal.
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4 Numerical simulations of an EO beam monitor

Figure 4.3: Cross-section of the simpli�ed model of the KARA EO in-vacuum setup in the simulation program
CST Particle Studio [48] the color-coded total electric �eld strength. For illustration purposes, An indicator for
the laser beam and electron beam trajectory has been added.
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Figure 4.4: Simulated electrical �eld strength in y-direction of a probe in the center of the crystal and an adjacent
probe at ∼0.3mm distance. These are two adjacent example probes out of the 23 probes, which are placed
equidistant along a line in the crystal. As the change of the electric �eld is small, the total number of probes
is considered su�cient to sample the electric �eld at the trajectory of the laser light, which is essential for
simulations of the EO e�ect.

For EO measurements, laser pulses are sent through the crystal. The electric �eld strength at the laser
trajectory leads to a polarization modulation of the laser light through the EO e�ect (see Chapter 2.2).
In the simulation, probe points are placed on a line through the crystal to monitor the electric �eld
over time along the virtual laser trajectory.

Figure 4.4 presents the data from one �eld probe at the crystal center and data from the neighboring
probe at a distance of∆d ≈ 0.3mm. The probe data is the vertical component Ey of the electrical �eld,
because the crystal and laser polarization are oriented such that Ey provides the strongest modulation
of the laser light (see Chapter 2.2.2). To simulate EO measurements, 23 of these probes are spaced at
equal intervals on a line through the crystal, thus sampling the electric �eld along the laser trajectory.
This is the maximum number of probes of which the data can be conveniently exported with the CST
user interface, and, as the example in Fig. 4.4 shows, the change from one probe to the next is small.
Therefore, the number of probes is considered su�cient for further calculations of the EO e�ect.
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4.1 Simulation environment

4.1.2 Simulation of EOS measurements at KARA

The simulated electric �elds in the EO crystal need to be processed further to simulate EOS measure-
ments. As indicated by the �ow chart in Fig. 4.1, the laser pulse probes the electric �eld strength via
the EO e�ect in the EO crystal. The EO e�ect causes a birefringence modulation of the crystal, leading
to a polarization modulation of the laser pulse, which is quanti�ed by the phase retardation Γ. The
subsequent polarization analyzer transforms the polarization modulation into an intensity modulation,
which is measured with the detection system.

4.1.2.1 Probing the EO effect with a propagating laser pulse

The electric �eld at the probe point in the crystal changes over time, and it changes with the position of
the probe. In EOS measurements, a laser pulse propagates through the crystal to probe the electric �eld
through the EO e�ect. This laser pulse propagation needs to be taken into account for the modulation of
the laser pulse polarization. It is quanti�ed with the total phase retardationΓ between two perpendicular
polarization axes. This has been discussed in Chapter 2.2 for the case of a homogeneous static electric
�eld, resulting in Eq. 2.36, which states a proportionality of the phase retardation Γ to the crystal
thickness d times the electric �eld strength Ey (Γ ∝ d · E0).

However, in the simulation, the �eld data is restricted to discrete probe points i ∈ {0, 1, 2, . . . , N − 1},
which have a constant spacing ∆d and are labeled with increasing numbers in upstream direction.
Hence, the phase retardation Γ is approximated with a sum over all probes, assuming a constant electric

�eld E
(i)
y between the probes over the length ∆d. This approximation provides an additional error in

the simulation results, but since the change of the electric �eld from one probe to the next is small (see
Figure 4.4), it was considered acceptable. Due to the propagation of the laser pulse, the electric �eld

E
(i)
y also depends on the arrival time ti of the laser pulse at each probe. Putting these requirements

together, the phase retardation results in

Γ =
2π

λ
n30r41 ·∆d

N−1∑

i=0

E(i)
y (ti) (4.1)

The arrival time ti can be calculated in relation to the arrival time t0 at the �rst probe via

ti = t0 + i · ∆d

c/n0
. (4.2)

In this context, n0 is assumed to be constant, because the Pockels coe�cient rij is small (see Chap-
ter 2.2.1) and the resulting changes of n0 caused by the EO e�ect are negligible for the arrival time
calculation.

At KARA, the laser pulse is re�ected on the backside of the crystal, hence traveling twice through the
length of the crystal: First against the electron beam direction (upstream) and after the re�ection in
beam direction (downstream). Equation 4.1 enables the calculation of both signals by adding a sum
over the probes in reverse order, while still increasing the arrival time ti:

Γ =
2π

λ
n30r41 ·∆d

(
N−1∑

i=0

E(i)
y (ti)

⏞ ⏟⏟ ⏞

upstream

+
2N−1∑

i=N

E(2N−1−i)
y (ti)

)

⏞ ⏟⏟ ⏞

downstream

. (4.3)
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Figure 4.5: Simulation of the total phase retardation Γ at KARA in green, with the upstream component in
orange (dash-dotted) and downstream component in blue (dashed). tC highlights the time of Coulomb peak from
the bunch overlapping with the laser. The subsequent peaks of the phase retardation originate in the wake �eld.
Around the time of the overlap tC, the unwanted upstream signal has a low amplitude.

This requires that the last probe (N − 1) has a distance of ∆d
2 to the re�ective surface of the crystal.

Thus, the distance from one probe to the along the laser trajectory is constant (d), because after the last
probe point N − 1, the laser is re�ected at the crystal back side and passes probe point N − 1 again.

Figure 4.5 presents the total phase retardation Γ for a simulation of the KARA EO setup, and its up- and
downstream component. The time on the x-axis describes the arrival time of the laser at the �rst probe,
which is de�ned to be zero at the simulation start. The position tC is marked to highlight the peak
caused by the Coulomb �eld of the bunch, while the following peaks are caused by the wake �eld.

The bunch pro�le is encoded in the downstream component, because the Coulomb �eld and the laser
pulse co-propagate through the crystal. However, the EO setup measures the total phase retardation,
thus bunch pro�le measurements require a negligible upstream component at the Coulomb peak around
tC. In the example presented in Fig. 4.5, the upstream component is small around tC and increases
afterward. As a result, the total phase retardation is dominated by the downstream component at the
�rst peak, enabling EO bunch pro�le measurements.

4.1.2.2 Simulation of the polarization analyzer

The phase retardation corresponds to a polarization modulation of the probe laser, which is converted
to an intensity modulation with the polarization analyzer. It contains a λ/4-, a λ/2-waveplate and a
polarizing beam splitter (see Chapter 2.2.3). The simulation uses Eq. 2.37 to calculate the laser intensity
Idet, which states [26, pp. 42 f]

Idet(θ, ϕ,Γ) =
Ilaser
2

[1− cos(Γ− 2ϕ+ 4θ) cos2(ϕ) + cos(Γ + 2ϕ− 4θ) sin2(ϕ)],

with the angle ϕ of the λ/4-waveplate and θ of the λ/2-waveplate. These angles de�ne the working
point of the EO setup, which is discussed in Chapter 3.1.2.

An example of the laser intensity is presented in Fig. 4.6 with a near-crossed working point with
ϕ = 2◦, θ = 7◦. The working point was chosen to �t to an example EOS measurement at KARA, in
which crystal heating issues lead to an unintended drift of the working point (see Chapter 3.1.4). This
measurement example has been discussed in Chapter 3.1.3.1 and is compared to the EOS simulation
later in Chapter 4.2.

74



4.1 Simulation environment

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00tC

Time (ns)

0.000

0.005

0.010

0.015

0.020

I d
e
t
(φ

=
2
◦

,
θ
=

7
◦

)
(a
rb
.
u
n
it
s)

−20

−10

0

10

20

M
o
d
u
la
ti
o
n
(%

)

Figure 4.6: Laser intensity modulation derived from Eq. 2.37 in blue, and corresponding relative modulation
in orange. The working point is set to ϕ = 2◦ and θ = 7◦, to match the working point of the EOS example
measurement at KARA, which is discussed in Chapters 3.1.3.1 and 4.2.

In the presented Fig. 4.6, the initial laser intensity is given in arbitrary units and normalized to Ilaser = 1,
resulting in a normalized laser intensity after the polarization analyzer in the order of ∼0.02. The
selected working point causes a reduction in laser intensity Idet for a positive phase retardation Γ and
vice versa. Hence, EO e�ect of the bunch’s Coulomb �eld around tC causes a reduction of the laser
signal (negative modulation).

EO measurements are often presented via the relative laser intensity modulation, which describes

the ratio of the modulated laser intensity to the unmodulated laser intensity Idet(Γ)
Idet(Γ=0◦) . In general,

the working point is optimized to achieve a maximum relative modulation for the given electric
�eld strength, while keeping an approximately linear correlation of the laser intensity and the phase
retardation Idet ∝ Γ (see Chapter 2.2.3). The working point in this example (ϕ = 2◦, θ = 7◦) leads to a
noticeable non-linear correlation between the phase retardation Γ and the laser intensity Idet, which
has been explained in more detail in Chapter 2.2.3. As a result, a positive phase retardation of e.g.,
Γ = 3◦ leads to a negative modulation with smaller absolute amplitude than its negative equivalent
Γ = −3◦. This e�ect is visible in the modulation in Figure 4.6, where the amplitude of the largest
peak of the wake �eld at t ≈ 0.4 ns is ∼23% larger than the positive peak at tC, while in the phase
retardation, the wake �eld peak was ∼25% smaller (see Fig. 4.5). This comparison demonstrates, that
the chosen working point is not optimal for bunch pro�le measurements, where a higher modulation
at tC would improve the signal-to-noise ratio.

4.1.2.3 Simulation of the detection system

EOS measurements use multiple laser pulses with increasing arrival time to sample the electric �eld of
consecutive bunches in the EO crystal. During EOS measurements at KARA, there is typically only one
electron bunch in the storage ring, hence a maximum of one sample per turn is taken. The resolution
of the �nal EOS measurement can be limited by the sampling rate, the laser pulse length and the
bandwidth of the data acquisition (see Chapter 2.2.5). The same laser settings are used at KARA for
EOS and EOSD measurements, thus the results mainly di�er in the data acquisition. For the simulation
of either EO technique, the modulation of single laser pulses needs to be calculated �rst.

At KARA, EOS measurements were typically performed by changing the laser delay in steps of ∼6 ps
approximately every 1.25 s, yielding a sampling rate of 128 steps/ns over the laser delay. The laser
pulse length at the EO crystal was approximated with separate auto-correlator measurements to be
σlaser ≈ 20.2 ps for this EOS measurement . In the simulation, these parameters are used to calculate
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Figure 4.7: Comparison of the simulated modulated laser pulse pro�le at tC (blue) versus the unmodulated laser
pulse pro�le (gray). The bottom plot shows the modulationM , which is the division of the modulated and the
unmodulated laser pulse.

the modulation of a single laser pulse at a certain delay based on the previously calculated continuous
laser intensity simulation. The laser pulses are approximated as normalized Gaussian functions of
width σlaser, which are multiplied with the modulationM at a certain arrival time.

An example for the resulting modulated laser pulse is presented in Figure 4.7. It shows a simulated
laser pulse modulated by the Coulomb �eld at the time tC in comparison to the unmodulated Gaussian.
In EOSD measurements, this modulated pro�le is measured, and its relative modulation reveals the
electron bunch pro�le and parts of the following wake �eld. For EOS simulations, these laser pro�les
need to be processed further to account for the data acquisition.

The data acquisition consists of a photodiode, which is connected to a lock-in ampli�er. The photodiode
has a bandwidth of 3GHz and is approximated in simulation as a low-pass �lter. For the principle of
the lock-in ampli�er, it is important to distinguish two di�erent time axes, which are connected to the
EOS measurements:

• The sampling delay, which is the relative arrival time shift of the laser pulse between each
sampling step. Its total range for one EOS scan is in the order of ns, with individual steps typically
in the order of ps.

• The measurement duration, which describes the total time that an EOS scan takes. The total
duration is typically in the order of 10min.

In general the lock-in ampli�er mixes the photodiode signal with a KARA revolution frequency of
2.7MHz as reference signal, and applies a low pass �lter with a time constant τlock-in. During EOS
measurements, each sampling step takes about 1.25 s, hence the time constant is set to τlock-in = 1 s.
The resulting lock-in signal therefore only shows the changes from on sampling step to the next and
averages over multiple shots per step. Thus, the lock-in ampli�er leads to a noticeable improvement
of the signal-to-noise ratio compared to the EOS scans with only the photodiode. In the simulation,
the lock-in ampli�er is approximated by calculating the maximum amplitude of each scan step and
applying a low pass �lter with a time constant of τlock-in over the measurement duration.

Figure 4.8a presents a comparison of the simulated laser intensity Idet and the simulated EOS measure-
ment, which includes the laser pulse length and data acquisition. The EOS simulation has a reduction
in detail, where for example overlap of the Coulomb peak at tC and the following �rst peak of the
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Figure 4.8: Comparison of the simulated modulation of the laser pulse (blue) and the modulation of a simulated
EOS measurement (orange), including �ltering by the photodiode and the lock-in ampli�er. The time domain
EOS signal in (a) shows a smoothing of the laser pulse modulation, which appears in its spectrum in (b) as a
suppression of frequencies above ∼8GHz. (Also presented in Ref. [2])

wake �eld has increased. It still enables to visually distinguish both peaks and identify the �rst peak as
the Coulomb peak, but it does not correspond directly to the bunch pro�le. To analyze the reduced
bandwidth, the corresponding spectrum for both traces is calculated with an Fast Fourier Transform
(FFT) and presented in Fig. 4.8b. The peak around 4.5 GHz is the most prominent peak and similar in
both signals. Additional simulations suggest that it originates in a resonance of the vacuum chamber,
since it changes with its width and with the position of the crystal inside the chamber. The raw
modulation of the laser intensity Idet also shows multiple frequency peaks between 8GHz and 45GHz,
which are suppressed in the full EOS simulation. This reduction in bandwidth for EOS measurements
is expected, as it acts similar to a moving average where the laser pulse pro�le provides the weighted
averaging window (see Chapter 2.2.5). Thus, EOS measurements are suitable to provide an overview
over the bunch’s Coulomb andWake�eld or to benchmark the EO setup for working point optimizations,
because the detection system and data acquisition is relatively simple. However, the more complex
readout for EOSD measurements is required for single-shot bunch pro�le measurements.

4.2 Comparison of simulation and experiment

Figure 4.9 presents a comparison of the EOS simulation and the corresponding EOS measurement at
KARA. It shows the simulated and measured modulation of the laser signal. The details of this EOS
measurement and its uncertainty have been described previously in Chapter 3.1.3.1. The uncertainty is
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Figure 4.9: Comparison of the simulated (orange) and measured (blue) EOS modulation. The modulation in time
domain is presented in (a), while (b) shows the corresponding result of a FFT. The measurement data was taken
at KARA and the measurement and the uncertainty calculation is described in Chapter 3.1.3. The Coulomb peak
at tC and the following most prominent peaks have a lower amplitude in the simulation, but the general shape
matches well. The FFT reveals some frequencies, which are not represented in the simulation. (Also presented in
Refs. [1, 3])

highlighted in a small additional zoomed-in plot, because it disappears behind the line thickness of
the full plot. The input parameters of the simulation are derived from the example measurement and
summarized in Tab. 4.1. A small o�set was added to the sampling delay of the measurement to have
the �rst peak for both signals at the same time tC.

For the �rst, most prominent peaks from tC to ∼0.8 ns, the modulation of measurement and simulation
match in their general shape. For example, the characteristic double peak is present in both signals. It
starts at the negative Coulomb peak and transitions to the next negative peak, which is mainly caused
by the upstream signal (see Figure 4.5). However, the amplitude at tC in the simulation is∼2.3% below
the measured modulation. In general, the simulation underestimates the modulation amplitude, which
could be caused by a mismatch of the working point. The settings of the wave plate angles ϕ and θ
relative to the initial laser polarization have a large impact on the modulation amplitude and had to be
estimated for the measurement (see Chapter 3.1.3.1). In addition, the distance of the laser trajectory in
the crystal to the electron orbit was not directly measured, but estimated based on the crystal position
and the geometric center of the vacuum chamber. An overestimation of the crystal distance could also
lead to the smaller simulated amplitude.

In comparison to the simulation, the measurement shows additional oscillations after the �rst prominent
peaks (t ≳ 1.5 ns). It could be caused by additional impedances within the KARA vacuum chamber,
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4.3 Concept design for FCC-ee

like strip lines, vacuum pump ports, beam position monitors and others, which are upstream of the EO
monitor, but not represented in the simpli�ed geometry in the simulation.

The resulting spectrum from a FFT of the modulation is presented in Fig. 4.9b. It reveals a similar
spectrum of the simulation and experimental data with one main peak at around ∼4.5GHz. However,
the measurement has three additional sharp peaks at ∼3.7GHz, ∼5.1GHz and ∼5.3GHz directly
next to the main peak. They could be missing in simulation due to the simpli�cations in the geometry
of the vacuum chamber and crystal assembly.

In summary, the similarities of the simulated large-scale features to the EOS measurement at KARA
show the capability of the simulation procedure and support its suitability as a tool for the development
of an EO bunch pro�le monitor. Although it shows its limits towards smaller features, it captures
the major wake�eld features and enables gaining insight about the impedance (and wake �eld), the
modulation amplitude and the resolution limitations caused by the laser pulse length and the data
acquisition system. The simulations also enable to study the up- and downstream component of the
phase retardation, which cannot be measured directly with EOS. Since the upstream signal could disturb
bunch pro�le measurements with EOSD when it overlaps with the Coulomb peak of the downstream
signal, it is an important factor to monitor, if the beam parameters change. Overall, the simulation
procedure is suitable to aid with the development of an EO monitor for FCC-ee, as it enables the
estimation of crucial parameters like the impedance, the modulation amplitude, and the interference of
the up- and downstream EO signal.

4.3 Concept design for FCC-ee

The EOS simulation procedure is used in this section to identify challenges of the EO monitor design
for the unique and demanding beam parameters of FCC-ee. To mitigate the identi�ed challenges, a new
conceptual design is proposed and evaluated with the simulation. The beam parameters that mostly
a�ect EO measurements are the bunch charge, which is in the order of ∼30 nC and the bunch length,
which ranges from ∼2mm to ∼15mm for the di�erent operation modes [9]. The higher beam energy
of 45GeV to 180GeV only has a minor in�uence, since it changes the opening angle of the Coulomb
�eld proportionally to 1/γ2. The opening angle was already small at KARA (γKARA ≈ 2 500) and is
even smaller for the high beam energies of FCC-ee, hence it is not expected to have a notable impact
on the EO monitor resolution.

The development of the EO monitor concept design in this section has partially been published in
Refs. [1, 5, 6], but since then, the simulations have been updated to use the new vacuum chamber
dimensions with 60mm diameter instead of 70mm, and the beam parameters from the feasibility study
report [9] (see Table 1.1).

4.3.1 Simulation of the KARA EO monitor under FCC-ee beam parameters

To benchmark the KARA EO setup under FCC-ee beam conditions, the simulation procedure of
Chapter 4.1.2 is repeated using the FCC-ee beam parameters at Z-pole energy. The example of the
parameters at Z operation is presented in particular, because long bunches are suspected to be a
major issue for the design of the KARA EO setup and the Z operation mode has the longest bunches.
An evaluation of the other operation modes follows in Chapter 4.3.2 with the simulation of a new
conceptual crystal assembly design for FCC-ee.
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Figure 4.10: Simulated phase retardation of the KARA EO setup under FCC-ee beam conditions. The simulation
parameters are similar to Table 4.1, which was used for Fig. 4.5, but with the high bunch charge and length of
the FCC-ee Z-operation (see Table 1.1). The Coulomb peak at tC of the downstream component overlaps with
the �rst peak of the upstream signal, which masks the Coulomb peak in the total phase retardation. This is
problematic for bunch pro�le measurements with EOSD, because only the total phase retardation is measured.

The presented simulation uses the same input parameters as the previous KARA EOS simulation, which
are described in Table 4.1. The exceptions are the bunch charge and bunch length, and beam energy.
In the Z operation mode, FCC-ee has its longest bunches, with σz = 15.2mm at a bunch charge of
q = 34.9 nC.

Figure 4.10 presents the simulated phase retardation and its up- and downstream component. In
comparison to Figure 4.5 with KARA beam parameters, the long bunches of FCC-ee lead to broader
peaks and an overall smoother curve. A FFT analysis reveals that the main frequency still is at 4.5 GHz,
but the higher frequency components are missing. Due to the high bunch charge, the total phase
retardation Γ of the �rst peak increased from ∼3.3° to ∼170.9°. This leads to a nonlinear modulation
of the probe laser intensity Idet, which has a sinusoidal correlation to the phase retardation Γ (see
Eq. 2.38). The working point is usually set to provide an approximately linear correlation for small
phase retardations (see Chapter 2.2.3), which is not valid for large Γ. As a result, the spectrum in EOSD
measurements would not have a linear correlation to the bunch pro�le and would require additional
processing to retrieve it.

The high bunch charge also leads to high electrical �elds strengths inside the EO crystal. The simulated
�eld strength at KARA peaked at around ∼70 kV/m (see Figure 4.4) in the crystal center, but it reaches
∼1 140 kV/m for the FCC-ee beam parameters. As discussed in Chapter 3.1.4, some part of the energy
of the electric �eld (Coulomb and wake �eld) is absorbed and transformed to heat, which can lead to a
drift of the laser polarization through changes of the intrinsic birefringence in the crystal. This drift
does not prohibit EOSD bunch pro�le measurements directly, but it requires continuous adjustments
of the λ/4 and λ/2 wave plate after the crystal to keep the optimal working point. This e�ect also
scales with the repetition rate of bunches passing the crystal. For Z operation, in the order of 11 000
bunches per beam are planned, which results in a beam current of ∼1 300mA. This is around a factor
1 000 more than during EOS measurements at KARA, with a typical current of ∼1mA to 2mA.

Figure 4.10 also reveals, that the long bunches lead to an overlap of the �rst peak of the downstream
signal with the �rst peak of the upstream signal. The downstream signal peak at tC corresponds to the
bunch pro�le, but due to the overlap with the upstream signal, the bunch pro�le is obscured in the total
phase retardation Γ. This is a major issue, because EOSD only measures the total phase retardation and
is therefore unable to measure the bunch pro�le under these conditions.
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Figure 4.11: 3D schematic of the FCC-ee vacuum
chamber. Dimensions are deducted from Ref. [9]

Figure 4.12: Concept design of an EO monitor for FCC-
ee. The model is designed in CST studio [48]. The EO
crystal is placed between two prisms at the top of FCC-
ee’s vacuum chamber. The prisms provide total internal
re�ection to guide the incoming laser pulses (red line)
once through the crystal (single pass) before it is sent
back for analysis. This conceptual design has been pre-
sented �rst in Ref. [6].

In summary, the simulation revealed multiple challenges with the EO monitor design under FCC-ee
conditions, and especially a major issue that prohibits bunch pro�le measurements with long bunches.
Thus, the design needs to be adapted for FCC-ee and requires a new design of the crystal assembly.

4.3.2 New design of the crystal assembly for FCC-ee

As established by previous simulations, the new design of an EOmonitor for FCC-ee needs to be adapted
for high bunch charges in the order of 30 nC and especially long bunch lengths of up to 15.2mm. As
discussed in Chapter 1, the setup should be compact with a low impedance to minimize the impact on
FCC-ee’s beam dynamics. Since the four operation modes of FCC-ee come with notable changes in the
beam parameters (see Table 1.1), the setup also needs to be be placed in FCC-ees vacuum chamber and
cope with the di�erent operation modes with as few hardware changes as possible.

These challenges are addressed with a new concept design, which is discussed and tested in simulations
in the following sections.

4.3.2.1 Design considerations

As the EO monitor requires an EO crystal that is exposed to the electric �eld of the particle bunches
in-vacuum, the geometry of the vacuum chamber plays a crucial role in its design. All operation modes
share most of the same hardware components, including the vacuum chamber. A short section of
the vacuum chamber volume is presented in Fig. 4.11, which has a round cross section with radius
r = 60mm with horizontal winglets [9]. As the synchrotron radiation radiates tangentially from the
beam trajectory, it mainly impacts the outer winglet of the ring and causes a temperature increase of
the vacuum chamber wall. Hence, the winglets provide space for additional synchrotron absorbers to
dissipate the additional heat.
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4 Numerical simulations of an EO beam monitor

Figure 4.12 presents a simpli�ed 3D model, which was created in CST Studio [48] to enable �rst tests of
the new design with simulations. The concept design of the crystal assembly for FCC-ee addresses the
challenges with multiple changes compared to the KARA EO setup. As a �rst proof-of-principle design,
it assumes the same 1 030 nm laser as used at KARA and a GaP crystal. The image shows a crystal
with dimensions of 5mm × 5mm × 7mm, but the crystal thickness can be varied to further reduce or
increase the phase retardation (see Eq. 4.1).

To decrease the phase retardation amplitude, the crystal is placed at a greater distance to the beam.
Hence, the EO concept takes full advantage of the height of the vacuum chamber, and the crystal is
attached at the top to maximize the distance to the particle beam and to reduce exposure to the intense
synchrotron radiation (SR) in the horizontal plane.

To avoid the upstream signal, the laser pulses are guided only once through the EO crystal. This
single-pass setup is realized with two prisms, which are attached to the sides of the crystal. They are
oriented such, that the incident laser pulse experiences a total internal re�ection, leading to a refection
angle of 90°. The �rst prism guides the incoming laser (from the top) downstream through the crystal,
and after the crystal, the second prism re�ects the laser pulses upwards out of the vacuum chamber.
Hence, the setup requires changes of the interaction modulate, but the laser and detection system could
be similar for example to the EO monitor setup at KARA (see Chapter 3.1.2).

The prisms enable a compact, single-pass setup without using a re�ective coating on the crystal, which
is needed for the setup at KARA. This bene�ts the use in environments with higher beam currents,
because it can lead to cracks in the coating, reducing its performance. Cracks in the crystal coating
have been observed at KARA, which were likely caused by temperature changes of the crystal during
tests at higher beam currents [27, p. 112 f.]. The anisotropic crystal has a di�erent thermal expansion
rate than the coating, and the resulting mechanical stress is expected to cause the coating to break.
FCC-ee will operate at high beam currents, thus avoiding the re�ective coating in the EO concept is an
important feature.

The prisms and the crystals are attached to a metal plate, which has a hole above each prism to serve
as an opening for the laser pulses. In contrast to the setup at KARA, where the crystal was mounted
to an arm with a large opening in its center (see Fig. 4.2), the holes in the EO concept for FCC-ee are
smaller to reduce the impedance in the GHz range.

4.3.2.2 Simulation results

This section discusses the simulation results based on beam parameters at FCC-ee during Z operation as
a �rst example, but a comparison of the di�erent operationmodes is provided later. The beam parameters
in the simulation are taken from Table 1.1. The crystal at KARA has a thickness of 7mm, but has been
reduced to 3mm for the simulation of the EO concept to further reduce the phase retardation. The
prisms are assumed to be common fused silica prisms, which provide decent radiation hardness [102]
and the optical properties to be used with total internal re�ection for the given 1 030 nm laser.

The maximum strength of the electric �eld in the center of the crystal is 300 kV/m, which is only 25 % of
the 1 200 kV/m from simulations with FCC-ee beam parameters in the KARA setup (see Chapter 4.3.1).
However, it is still ∼3 times higher than the simulated 72 kV/m during typical EO measurements at
KARA (see Fig. 4.4)

The simulated phase retardation Γ of the EO concept for FCC-ee is presented in Fig. 4.13 in comparison
to the simulated total phase retardation of the typical EO measurement at KARA (taken from Fig. 4.5).
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Figure 4.13: Simulated phase retardation Γ of the EO monitor concept for FCC-ee during Z operation (blue) in
comparison to Γ from the setup at KARA during a typical measurement (orange, taken from Fig. 4.5). The phase
retardation of the FCC-ee concept has a maximum amplitude of 9.6° at the Coulomb peak tC, which ∼3 times
higher compared to KARA, but still feasible for EO bunch pro�le measurements. The wake �eld and upstream
signal are a potential concern to disturb EO bunch pro�le measurements, but neither are visible in the simulation
of the EO concept for FCC-ee.

A time o�set was added to the phase retardation of the FCC-ee concept in order to visually align the
�rst peak of both signals at tC.

The Coulomb peak at tC has a maximum phase retardation of Γ(FCC-ee Z)
max ≈ 10.5◦, about three times

larger than at KARA (Γ(KARA)
max ≈ 3.3◦, see Chapter 4.1.2). The larger Γmax requires adjusting the λ/2-

waveplate angle θ to maintain an approximately linear correlation between Idet and Γ (see Chapter 2.2.3).
For example, the working point ϕ = 0◦, θ = 10◦ produces a linear �t to Idet(Γ) ∈ [0,Γmax] with a
coe�cient of determination R2 > 0.999, indicating su�cient linearity.

Increasing θ also reduces the relative modulationM = Idet(Γ)/Idet(0)− 1, which a�ects the signal-to-
noise ratio. Nevertheless, due to the high Γmax, the maximum modulation still reachesMmax ≈ 50%,
which is higher than what was simulated for KARA.

The wake �eld is a prominent feature in the simulated KARA setup, which produces an oscillating total
phase retardation after the Coulomb peak tC. The oscillation amplitude is a sum of the upstream and
downstream phase retardation, which is caused by the wake �eld in the EO crystal (see Fig. 4.5). The
amplitude is in the order of the Coulomb peak in the beginning, but it is dampened over time. For the
FCC-ee setup, this following oscillation is reduced and barely visible in Fig. 4.13. The main reasons are
the missing upstream signal and the reduced impedance of the setup, which is discussed later in this
section.

Figure 4.14 presents a summary of the simulated phase retardation of the di�erent FCC-ee oper-
ation modes. To account for the increasing bunch charge density from Z, W, ZH and tt̄ opera-
tion modes, the crystal thickness was reduced to d(Z, W, ZH, tt̄) = 3mm, 1mm, 1mm and 0.5mm.

This enables to keep the maximum phase retardation at a similar magnitude, with Γ
(Z, W, ZH, tt̄)
max ≈

10.5◦, 10.9◦, 12.6◦ and 13.7◦. The linearity of Idet(Γ) ∈ [0,Γmax] is still su�cient across all operation
modes for example for the working point ϕ = 0◦, θ = 10◦, as a linear �t yields a coe�cient of
determination R2 ≥ 0.999 for all.

Towards shorter bunch lengths, a negative peak becomes more pronounced after the Coulomb peak
and reaches a maximum negative amplitude of −4.7° at tt̄ operation. This negative peak is likely the
�rst occurrence of an oscillating wake �eld, which is damped quickly after one period to an amplitude
below 0.4°. As the wake �eld is a result of the impedance (see Chapter 2.1.2),
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Figure 4.14: Comparison of the simulated phase retardation Γ of the di�erent FCC-ee operation modes. The
mode-speci�c particle beam parameters are listed in Table 1.1 and the general simulation parameters are taken
from Table 4.1, but the crystal thickness is reduced to d = 3mm, 1mm, 1mm and 0.5mm for the Z, ZH, W
and tt̄ operation modes respectively.
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Figure 4.15: Simulated longitudinal impedance Z of the KARA EO setup and the FCC-ee concept. The real (solid
line) and imaginary part (dashed line) result from simulations with the CST Wake�eld Solver [48]. The plot on
top corresponds to the EO monitor setup at KARA, as described in section 4.2, and the bottom plot corresponds
to the EO monitor concept for FCC-ee with a 3mm thick EO crystal. Both cases are displayed on separate axes,
because the di�erent geometry of the FCC-ee concept and its greater distance between the crystal and the particle
beam result in an impedance reduction of two orders of magnitude.

Fig. 4.15 presents the longitudinal impedance of the KARA EOmonitor and the FCC-ee concept, enabling
a comparison independent of bunch length and charge. Like the simulation of the electric �eld, the
impedance is simulated numerically using the CST Wake�eld Solver [48]. For both cases, the real and
imaginary part of the longitudinal impedance is presented, where the real part represents resistive
impedance resulting in energy loss of the beam, and the imaginary part generally represents inductive
(ℑ(Z) > 0) and capacitive (ℑ(Z) < 0) impedance that can a�ects the bunch pro�le and can cause
instabilities (see Chapter 2.1.2).

The presented frequency range from 0GHz to 25GHz captures the major features within the main
part of the bunch’s spectrum (bunch form factor), of which the bandwidth approximately ranges from
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4.3 Concept design for FCC-ee

3.7 GHz (FWHM) in Z-operation to 24.5 GHz (FWHM) in tt operation. The simulated frequency range
was chosen as a balance that captures most features within the main spectrum of the bunch’s form
factor, while simulations towards higher frequencies would have an increased computing time and
would require more detailed 3D models with a �ner mesh size.

The simulated real part of the impedance at the KARA EO monitor has a major peak at∼4.45GHz with
an amplitude of ∼332Ω, next to a major peak of the imaginary part at ∼4.25GHz with an amplitude of
∼203Ω. Additionally, the imaginary part has a two neighboring negative peaks around 5GHz with
an amplitude of ∼−135Ω. Multiple smaller peaks follow towards higher frequencies from 10GHz to
25GHz, resulting in an average real part impedance of ∼63Ω, and a low average imaginary part of
−6Ω.
The impedance peaks causes the wake�eld oscillations that are visible in the simulated EOS scans,
which was discussed previously in section 4.1.2.3. Per de�nition, the frequency of the impedance
peaks also �ts to the peaks in the FFT of the wake�eld. The resistive impedance (ℜ(Z)) describes
the energy loss of a given particle bunch, hence it also describes the deposited power in the vacuum
chamber. A fraction of this heat load also a�ects the EO crystal, which was discussed in Chapter 3.1.4
with a corresponding simulation of the crystal only, without its holder and the surrounding vacuum
chamber.

The FCC-ee EO monitor concept has generally a lower impedance with less pronounced peaks, with an
impedance maximum at ∼11GHz with an amplitude of 3Ω and very broad peak of the imaginary part
at ∼4.25GHz with an amplitude of ∼2.2Ω. For frequencies from 15GHz to 25GHz, the impedance real
part averages to ∼1.4Ω, and the imaginary part averages ∼2.2Ω.
Thus, the impedance for the FCC-ee concept is about two orders of magnitude smaller than the KARA
EO monitor, which is mainly achieved by increasing the distance of the crystal assembly to the beam,
and replacing the protruding metal mirror and crystal holder with prisms attached to the crystal. The
reduction of the impedance is a crucial part for FCC-ee, as it is important that the EO monitor a�ects
the beam properties as little as possible. On the other hand, the deposited power and resulting heating
of the crystal also needs to be reduced as much as possible to avoid a drift of the signal baseline and,
in extreme cases, damage to the crystal (see Chapter 3.1.4). Although the impedance was drastically
reduced, FCC-ee’s great beam currents still lead to an estimated deposited power of 0.3W during
Z-operation (following the calculations in Chapter 3.1.4), which is an order of magnitude larger that
what was estimated for the crystal at KARA. However, the uncertainty on this value is large, as it is
unclear how much of this power is deposited in the crystal itself and it strongly depends on the �nal
technical design of the crystal assembly.

The reduction of the impedance is a great milestone for the development of the EO monitor design
for FCC-ee and can be used as a baseline for future estimations of the total impedance of FCC-ee.
The impedance of di�erent structures around the FCC-ee accelerator ring are discussed in the FCC-
ee feasibility study report [9, pp. 28 �], where the presented total longitudinal impedance of the
whole accelerator ring is in the order of 10 000Ω. The great impedance is mainly caused by the
accumulation over the great length of around 91 km of the overall accelerator structure and in this
context, the contribution of the EO monitor impedance is expected to be small. However, the impedance
remains a very important factor to consider when progressing toward a technical EO monitor design,
because localized impedance peaks at certain frequencies can have a negative impact on beam stability.
Additionally, the transverse impedance is an important subject for future studies, to particularly avoid
excitation of the transverse mode coupling instability [59].

In summary, the longitudinal impedance could be reduced by two orders of magnitude. The main
contributors to the reduction are: the greater distance of the crystal assembly to the electron beam
(enabled by the larger vacuum chamber and high signal amplitude through FCC-ee’s great bunch
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4 Numerical simulations of an EO beam monitor

charges), the removal of the mirror next to the crystal, and the reduction of the hole diameter of
the vertical metal arm, which is holding the crystal. The simulation of the new concept for FCC-ee
shows a larger, but reasonable phase retardation amplitude, which is suitable for EO bunch pro�le
measurements. The crystal thickness can be used as a �ne-adjustment of the sensitivity and to adapt to
the di�erent operation modes. The added prisms enable this compact, single-pass setup to cope with
the long bunches during Z operation, as well as the high charge densities with short bunches during tt̄
operation. Since this design has never been tested before, the following chapter describes the design of
a �rst prototype and EOS measurements as a proof-of-principle.
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Table 4.1: Typical input parameters for the simulation procedure. These example parameters are chosen to
correspond to the example EOS measurement at KARA from Chapter 3.1.3.1.

Parameter Value Description

CST Parameters

Max. frequency 100 GHz Maximum frequency of the simulation
Bunch length σbunch 2.96 mm σ of a Gaussian pro�le, derived from streak camera measurements
Bunch charge q 274 pC Total bunch charge of a Gaussian particle bunch

Laser parameters

λ0 1 030 nm Central wavelength
frep 2.7 MHz Repetition rate
σlaser 20.2 ps Pulse duration

Crystal parameters (GaP)

d 7 mm Crystal thickness
n0 3.179 Initial refractive index (derived from Ref. [101])
r41 0.97 pm/V Pockels coe�cient [67]

Working point

ϕ 2 ° Angle of λ/4 wave plate directly after the crystal
θ 7 ° Angle of λ/2 wave plate directly before the PBS

Data acquisition

Photodiode bandwidth 3 GHz Used to approximate the PD as a low-pass �lter
Time constant τlock-in 1 s Used to approximate the lock-in as low-pass �lter
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5 Prototype test at CLEAR

A �rst prototype has been built to test the electro-optical (EO) bunch pro�le monitor concept for Future
Circular Lepton Collider (FCC-ee). It aims to validate the general functionality of the novel crystal
holder design with its prisms to guide the laser pulses using total internal re�ection. The CERN Linear
Electron Accelerator for Research (CLEAR) was chosen for a �rst proof-of-principle test, because of its
in-air test stand, where the setting up of a prototype was possible in a short timescale.

This chapter describes the development of the �rst prototype, the experimental setup and methods,
and the measurement results. These �rst measurements are summarized in [1, 2], but are treated in this
chapter in greater detail with additional measurement results.

5.1 Introduction to CLEAR

The CERN Linear Electron Accelerator for Research (CLEAR) is a linear accelerator with the primary
focus on prototyping and validating accelerator components. It also serves as a user facility for
irradiation studies of electric components and medical applications [103]. It is composed of the 25m-
long CALIFES injector, followed by a 16m-long beamline. The in-air test stand is located at the end of
the beamline, with a length of approximately 1m.

Table 5.1: Typical beam parameters at CERN Linear Electron Accelerator for Research (CLEAR), partly adapted
and extended from [104]

Parameter Value

Particle energy 60MeV to 220MeV
Bunch charge 0.01 nC to 2.0 nC
Bunch length 0.3mm to 2.5mm

(1 ps to 7.5 ps)
Bunch train repetition rate 0.8Hz to 10Hz
Micro-bunches per train 1 to 150
Micro-bunch repetition rate 1.5 GHz or 3GHz
Intra-bunch spacing 666.7 ps or 333.3 ps

CLEAR o�ers a wide range of beam parameters for di�erent use cases. Typical parameter ranges are
presented in Table 5.1 [104]. For the experiments with the EO monitor prototype for FCC-ee, a particle
energy of ∼200MeV was used. As discussed in Chapter 2.1.3, the opening angle of the Coulomb �eld
scales with 1/γ2, hence high beam energies are preferred for EO bunch pro�le measurements, because
a large opening angle can limit its resolution. Additionally, high bunch charge densities are desired
to achieve a large phase retardation (see Eq. 2.29), thus enabling a better signal-to-noise ratio (SNR).
For the EO concept design for the FCC-ee, a very high phase retardation was a concern, due to the
very high charge densities at FCC-ee (see Chapter 4.3.1). Since the range of bunch charges at CLEAR
is substantially lower, a maximum bunch charge was targeted for the electro-optical sampling (EOS)
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measurements. The optimization of the bunch charge resulted in relatively long bunches measured to
be up to ∼7.5 ps during the EOS measurements.

The photoinjector is driven by a Nd:YLF based laser system with a repetition rate of 1.5 GHz in the
laser oscillator [105]. The following pulse picker and ampli�er stages can typically lead to up to 150
micro-bunches with a spacing of∼666.7 ps. With an optional double pulse generator, the bunch spacing
can be cut in half by splitting the pulses into two and adding a delay to one part [105, p. 13f]. For
the EOS experiment, the generation of a train of bunches is useful for commissioning. The multiple
micro-bunches and therefore longer bunch trains increase the chances of �nding the temporal overlap
between the probe laser pulse and the Coulomb �eld in the EO crystal.

Besides regular use of beam position monitors (BPMs) and beam screens to monitor the beam position,
an integrating current transformer (ICT) and a wall current monitor (WCM) has been used to monitor
the bunch charge. In addition, a spectrometer was occasionally used to monitor beam energy and a
transverse de�ecting cavity to measure the bunch length.

The EOS experiments have been conducted within two separate weeks of beam time in July 2023
and March 2024, of which the �rst beamtime mainly served for preparations and tests. Between the
beam times, the photoinjector cathode has been exchanged, which is likely the main contributor of the
increased bunch charges from around 0.4 nC towards 1 nC in the second beam time.

5.2 Prototype design

The EO monitor prototype serves as a proof-of-principle for the novel crystal holder design with two
prisms to guide the laser light. Starting from the interaction module of the EO monitor at Karlsruhe
Research Accelerator (KARA) (see Refs. [27, 34] and Chapter 3.1.2) custom parts have been designed
and included to enable a prism-based crystal assembly. Many spare parts for the KARA EO monitor
were used for building the prototype, which enabled a short construction time of a couple of months.

5.2.1 Overview of the compact prototype

The prototype is based on the interaction module of theEO monitor at KARA (see Chapter 3.1.2), and a
photograph and corresponding schematic is presented in Fig. 5.1. It consists of an aluminum box (optic
box) and a stainless steel arm. The optic box handles the input and output of the laser through �bers
and o�ers space for various optical components in the free space laser beam path. The mechanical
arm is attached to the optic box and ends in the custom crystal holder for the dual prism setup. The
direction of the laser light through the crystal can be reversed by slightly changing the position of a few
optical components, which enables the installation on either side of the electron beam. This compact
and sturdy setup allows for safe transport of the fully assembled prototype from KIT in Karlsruhe,
Germany to the CLEAR facility at CERN (CERN) in Geneva, Switzerland.

The laser input is handled through a pigtail style collimator for a wavelength of 780 nm, (OZOptics
LPC-04-780) with an aspheric lens to ensure a collimated laser beam with a divergence angle of 1mrad
in free space. Its 1m long polarization-maintaining (PM) �ber is terminated with an FC/APC connector,
which enables the connection via optical �bers to the laser setup. The optic box provides space for an
optional motorized grating compressor or stretcher directly after the collimator to enable adjustments
of the laser pulse length.
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(a) Photograph of the prototype (b) Schematic of the prototype

Figure 5.1: Photograph (a) and schematic (a) of the FCC-ee EO prototype for testing at CLEAR. The prototype
is based on the interaction module of the KARA EO monitor (see Ref. [27] and Chapter 3.1), which has been
modi�ed to accomodate a novel prism-based crystal assembly. The optics box handles the transition of the laser
light from the �bers to free-space and it includes the polarization analyzer to set the working point of the EO
monitor. It has an arm attached, which ends in the crystal assembly with the novel prism setup. The position
of some components are adjustable to reverse the direction of the laser light through the crystal, if needed.
The design laser polarization is indicated with purple arrows before and after relevant optical components.
Yellow position markers show typical spots for laser power measurements, which are discussed in Chapter 5.4.3.
Motorized components are marked with a gears symbol. The setup is installed on a translation stage to adjust
the distance between EO crystal and electron beam. The grating compressor for reducing the pulse length was
brie�y tested, but omitted due to substantial laser power loss. The optics box can be closed with a lid, making the
whole setup stable and easy to transport from Karlsruhe Institute of Technology (KIT) to CLEAR.
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The laser pulses at the in-air test stand are long (∼25 ps) compared to the expected electron bunch length
(<7.5 ps), because they are stretched by the normal dispersion of the long optical �bers (typ. >75m).
The anomalous divergence of the optional compressor could reduce the laser pulse length and partly
compensate the pulse stretching from the normal dispersion of optical �ber. However, the limited space
in the optic box also limits the achievable compression, because the anomalous dispersion depends on
the distance of the gratings [106]. During tests on-site at CLEAR, the compressor leads to a substantial
loss of laser power. Due to the time constraints during the beamtime at CLEAR, this issue was not
further investigated, and the compressor was omitted in favor of increased laser power.

Without the compressor, the free space laser �rst hits a roof mirror, serving as a periscope to get the
laser on a lower level. Generally, the laser should be either s- or p-polarized on re�ection on a mirror
because it minimizes a mirror-induced ellipticity [107, pp. 739 �.]. The example shows s-polarized light,
because with the protected silver coating of the roof mirror (Thorlabs HRS1015-AG), it leads to slightly
better re�ectance Rs > 99.5%, Rp > 99% according to the manufacturers’ speci�cations. As a result,
the following silver coated mirror re�ects p-polarized light through a λ/2-waveplate, which is used to
turn the linear polarization by 90 degrees.

Together with the following polarizing beam splitter (PBS), the waveplate de�nes the polarization angle
of the probe laser in the EO crystal. Inside the crystal, the probe laser needs to have a 45° angle to the
fast and slow optical axes to maximize the modulation. Ideally, the (110) cut crystal is aligned such
that the Coulomb �eld points in the [110] direction and the beam direction is normal to the cutting
plane. In this con�guration, the laser polarization needs to be oriented either parallel or perpendicular
to the Coulomb �eld in the (110) plane (see Chapter 2.2.2). In Fig. 5.2b, the laser is s-polarized at the
prism to minimize the risk of an additional phase retardation, hence it is aligned parallel to the [001]
axis in the crystal and perpendicular to the Coulomb �eld.

If an electric �eld such as the Coulomb �eld was applied, the laser light polarization is slightly elliptical
after the crystal (see Chapter 2.2.1). The following prism re�ects the light back into the optic box, where
after two additional mirrors, it passes through the polarization analyzer with a λ/4-waveplate, a λ/2-
waveplate and a PBS to enable adjusting the working point for EO measurements (see Chapter 2.2.3).
The λ/4-waveplate is typically used to compensate for any polarization ellipticity caused by the intrinsic
birefringence of the crystal, or phase retardation errors introduced by mirrors or other components.
The λ/2-waveplate in combination with the subsequent PBS transforms the polarization modulation
from the EO e�ect into an intensity modulation of the laser light. The waveplates are motorized to
allow remote control of their rotation angle and, therefore, adjust the working point from the control
room.

Finally, the linearly polarized light is captured by a pigtail collimator, which couples the light into a
single-mode (SM) �ber. The coupling e�ciency is very sensitive to the laser alignment and requires
mirror adjustments on the micrometer scale. To increase alignment precision, the collimator is mounted
on a x-y-positioner stage (2 stacked SmarAct SLC-1720-lc) in combination with a motorized tip-tilt
mirror (SmarAct STT-25.4) before the λ/4-waveplate. Both components are based on piezoelectric
motors and enable resolutions of <1 nm and <1 n°, respectively (according to the manufacturer).

The total dimensions of the prototype are approximately 56.5 cm × 26.0 cm × 10.0 cm with a total weight
of approximately 8.5 kg, making it su�ciently compact for transport by vehicle and straightforward
installation in the in-air test stand. The experimental area at CLEAR provides an optical table, where the
electron beam passes at a height of approximately 25 cm. To match the position of the EO crystal to the
electron beam trajectory, the setup is mounted on a horizontal stage (Thorlabs NRT100) with additional
stands to adjust the height of the prototype. The motorized stage enables the distance between the
crystal and the electron beam to be adjusted during the experiment.
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5.2 Prototype design

5.2.2 Crystal holder

(a) Crystal holder plate (b) Assembled crystal holder

Figure 5.2: Rendered images of the crystal holder plate of the EO prototype for CLEAR (a) and the fully assembled
crystal holder (b). The baseplate has grooves to enable precise alignment of the crystal (orange) and prisms
(transparent gray), and the small contact points of the crystal aid the glueing process. A slightly enlarged
clearance accounts for thermal expansion. The baseplate is compatible with the arm from the KARA EO setup,
but it needs to be rotated by 90° to get the probe laser (red line) parallel to the electron beam (blue line) in the
crystal. The images are based on a CAD model by S. Schott, �rst published in [1, 2].

A special crystal holder has been designed to hold the crystal in-between two prisms. Its baseplate is
presented in Fig. 5.2a, which has grooves to align the prisms and the crystal. The slots for the prisms
and the crystal have an enlarged clearance to account for thermal expansion of the material. Two holes
in the holder enable the probe laser light to enter the prism on one side, getting re�ected through
the EO crystal and exit after the total internal re�ection (TIR) at the other prism. An overview of the
assembled arm with crystal holder is provided in Fig. 5.2b, including the laser path and exemplary
electron beam trajectory.

The crystal is in direct contact with the prisms to improve laser transmission by reducing additional
laser re�ections, which could occur if a gap is left in between the prisms and the crystal. This requires
well polished and clean surfaces to establish a direct contact between the crystal and the prisms.
Small imperfections can lead to air bubbles, which reduce transmission e�ciency and could lead to
inconsistent results. Direct contact enables a simple assembly for this �rst prototype test, but for
a �xed installation at FCC-ee, it is recommended to investigate alternative methods. For example
index-matching vacuum-compatible optical glue should be considered to provide a consistent contact
with high transmission e�ciency, or intentionally leaving a gap between the prisms and the crystal to
account for thermal expansion.

The crystal sits on top of two small protrusions, and it is designed to be glued to only one of them.
The small protruding contact point aids the glueing process, because excess glue is able to run o�
without enlarging the bonded area on the crystal. The small single glued surface area helps to reduce
mechanical stress in the crystal during thermal expansion, which otherwise could cause additional
polarization changes of the probe laser (see Chapter 3.1.4).
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5 Prototype test at CLEAR

(a) 1mm holder (b) 1mm zinc telluride (ZnTe) (c) 2mm holder (d) 2mm ZnTe

Figure 5.3: Photos of the crystal holder for 1mm (a) and 2mm (c) thick crystals with photos of the corresponding
crystals (b), (d). The ZnTe crystal with 1mm thickness has visible defects, which could disturb measurements.
Thus, the crystal with 2mm thickness was preferred for the CLEAR measurements.

However, thermal issues are not expected at CLEAR, because the charge density is similar to KARA,
while the repetition rate is a factor ∼105 lower. In addition, the surrounding air helps to dissipate the
heat from the crystal in contrast to the in-vacuum setup at KARA. Nevertheless, it is an important
topic for the high beam currents at FCC-ee, hence the prototype already includes these measures for
potential future tests at other machines (e.g. KARA) with higher beam currents.

For the prisms, commonly available fused silica prisms with an adjacent side length of 10mm were
used (Thorlabs PS610). Fused silica o�ers a transmission of∼93.4 % for a 10mm thick sample at 780 nm.
Compared to other typical materials like N-BK7, it o�ers a lower coe�cient for thermal expansion and
a lower re�ective index n(fused silica)

prism ≈ 1.45. The minimum angle of incidence to achieve TIR is called
the critical angle and is de�ned by

sin(ϑc) =
n0

nprism
, ⇒ ϑ(fused silica)

c ≈ 43.6◦. (5.1)

Therefore, the EO prototype requires careful laser alignment with a high precision, because the design
angle of incidence of ϑ1 = 45◦ is close to the critical angle ϑ(fused silica)

c . If the angle ϑ1 is smaller than
ϑc, for example through misalignment, the re�ectivity decreases, which leads to an e�ective loss in
laser power for the EO experiment. Since there are two prisms at a relative angle of 90°, the incident
angle of the second prism ϑ2 is determined by the incidence on the �rst prism ϑ1 by

ϑ2 = 90◦ − ϑ1. (5.2)

Thus, 43.6◦ < ϑ1 < 46.4◦ is required to guarantee a TIR in both prisms. Due to the small holes in the
crystal holder metal plate and the long distance through the arm between the prisms and the previous /
next mirror, the geometric aperture is fairly small, which helps to achieve a precise laser trajectory
alignment. Nevertheless, the alignment should be optimized by adjusting the two mirrors before the
prisms to maximize the laser power after the prisms.

5.2.3 Crystal selection and determination of crystal axes

Figure 5.3 presents photos of the two di�erent crystal holder prototypes, which were made for crystal
sizes of 10mm × 10mm × 2mm and 10mm × 10mm × 1mm. ZnTe is chosen as the preferred crystal
material, because in comparison to other common materials, it provides the best phase matching with
the 780 nm laser at CLEAR, and it has a roughly four times higher Pockels coe�cient than gallium
phosphide (GaP), in the order of r41 ∼ 4× 10−12m/V [68].
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Unfortunately, the newly ordered 1mm-thick crystals in Fig. 5.3b had visible defects in the form of
multiple black dots in the material. According to the manufacturer, this is common in ZnTe and likely
caused by air, which is trapped inside the crystal during the manufacturing process. However, the later
presented measurements were conducted with the 2mm crystal holder and an existing 2mm-thick
ZnTe crystal with no visible defects (see Fig. 5.3d), because the increased increased sensitivity of a
thicker crystal been preferred for the commissioning of the EO monitor at CLEAR.

The crystal is cut in the common (110) plane, but the orientation of the [110] and [001] axes were
not de�ned. Since a precise orientation is important for EO measurements, a grazing incident X-ray
di�raction (XRD) setup was used to determine the crystal axes. The details of this method are well
described in [108]. In summary, an X-ray beam is sent onto the crystal at a shallow angle to its cutting
plane and, depending on the crystal orientation, a detector can measure characteristic Bragg peaks in
the di�raction pattern. To �nd appropriate Bragg re�ections that yield peaks with su�cient intensity,
calculations using the x0h program of the X-Ray Server have been used [109, 110]. These calculations
revealed that two Bragg peaks at certain di�raction angles are expected from the (200) and (400)
plane, if the incident X-ray beam points in the [110]. As a cross-check, the crystal was rotated by
90° to an incidence angle pointing in the [001] direction. According to the simulations, a scan in this
con�guration should reveal the Bragg peaks in the (−440) and (−220) plane. In the measurement
results, the relative di�raction angles of the detected Bragg peaks were matched to the calculated peak
positions, which allowed to determine the [110] and the [001] axes of the crystal. A black dot has been
applied close to one edge of the crystal, marking the [110] direction.

In addition to the newly bought 1mm-thick crystals, the older 2mm-thick crystal was available at
CERN. A photo is presented in Fig. 5.3d. It did not have any visible defects, was nicely polished and
from factory, it had rounded corners and a black dot to mark the (110)-plane (thus, the marked edge
is in [001] direction). This crystal did �t between the prisms in one of the crystal holders and was
the preferred option for the measurements at CLEAR. With a thickness of 2mm, the expected phase
retardation is approximately two times larger than for a 1mm thick crystal, which could help to �nd a
�st EO signal at CLEAR.

5.3 EOS simulations

To complement the EOS measurements with the prototype at CLEAR, an EOS simulation was performed,
following the principle described in Chapter 4, but with parameter and 3D model adjustments to match
the EO prototype at CLEAR. This section brie�y describes the simulation setup and its results, which
serve as a reference for the discussion of the EOS measurements in the later sections of this chapter.

5.3.1 3D-model and other input parameters

The simpli�ed 3D model is presented in Fig. 5.4. The experimental area is not in a vacuum chamber
and the surrounding space is �lled with air. The boarders of the model are de�ned as open ends to
avoid any re�ections, except for the bottom surface, which has the boundary condition of a perfect
electrical conductor (E = 0) to approximate the metal surface of the optical table. The EO prototype is
simpli�ed to just a metal plate holding the prisms and the EO crystal, because these parts mainly a�ect
the dynamics of the electrical �eld inside the EO crystal.
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5 Prototype test at CLEAR

Figure 5.4: Simpli�ed 3D model of the EO prototype at CLEAR for CST simulations. Its main components are
the ZnTe crystal (orange) in-between two prisms, which are attached to the metal holder. The setup is in-air,
where the electron beam passes the crystal in 2mm distance.

The crystal has the dimensions of 10mm × 10mm × 2mm with ZnTe as a material. Its dispersion
function is modeled as a Lorentz oscillator, following the description in [64]

ε(ω) = εel +
S0ω

2
0

ω2
0 − ω2 − iΛ0ω

, (5.3)

εel = 7.4, w0/(2π) = 5.3THz, S0 = 2.7, Λ0/(2π) = 0.09THz.

For example, this results in a refractive index of around n ≈ 2.70 at 100GHz, and n ≈ 2.86 at the
probe laser wavelength λ = 780 nm.

As in previous simulations, the maximum frequency of the CST simulation is set to 100GHz to keep
an acceptable computing time, but still provide su�cient detail. For a simulation in the sub-100GHz
regime, the fused silica prisms are assumed to have a constant refractive index n = 1.95 [111, 112].

Most input parameters are set to match the conditions of the CLEAR EOS measurements of 2024 (see
Chapter 5.5.1). The electron bunch is approximated as a Gaussian with σz = 2.25mm (στ ≈ 7.5mm)
and a bunch charge of 1 nC. The distance between the EO crystal and electron beam is set to 2mm.

To calculate the phase retardation Γ, 25 equidistant electric �eld probes are placed in the crystal along
its center line. For the propagation of the probe laser along this line, a wavelength of 780 nm and
corresponding refractive index of n = 2.86 is assumed, and the EO coe�cient of the ZnTe crystal is set
to r41 = 4.04× 10−12V/m.

5.3.2 Simulation results of the prototype at CLEAR

The resulting phase retardation is presented in Fig. 5.5, over a time of 2 ns. The �rst peak at tC has
the highest retardation ΓC ≈ 18.3◦ and is caused by the Coulomb �eld of the electron bunch. The
following ringing corresponds to the wake �eld, which amplitude decreases over time. While its �rst
negative amplitude reaches ∼−12.1°, the oscillation amplitude stays below 2.5° after 1 ns.

Due to the small distance of the crystal to the electron beam, the phase retardation is strong and has
approximately the same order of magnitude as the simulations of the EO concept for FCC-ee (e.g.
Fig. 4.14). However, for the EO concept, the wake �eld was barely noticeable, due to the reduced
impedance from a greater distance of the crystal and its holder to the beam.
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Figure 5.5: Simulated phase retardation (blue) and simulated EOS measurement (orange) with the EO prototype
at CLEAR. The photodiode was simulated as a low-pass �lter with 3GHz cuto�-frequency, leading a reduction of
the high-frequency components in the EOS signal compared to the phase retardation.

Additionally, Fig. 5.5 includes a simulated EOSmeasurement, which is later compared to the CLEAR EOS
measurement in Chapter 5.5.1. The laser modulation is simulated for a working point of ϕ = 0◦, θ = 15◦

to match the CLEAR measurement conditions. To simulate the photodiode with 3GHz bandwidth, a
low-pass �lter with 3GHz cuto�-frequency was applied . Since the delay scan for the EOS measurement
at CLEAR has been performed in discrete steps, the modulation is sampled with a step size of∆t = 17ps
for the EOS simulation. The laser pulse length has not been measured during the beam time, but a laser
pulse length σ = (25.9 ± 0.5) ps is estimated based on the calculation in Ref. [40], where the same
laser system was used for a di�erent experimental setup.

The simulations suggest a maximum modulation amplitude of ∼24 %, followed by a negative peak from
the wake �eld with ∼12 % modulation amplitude. The rest of the wake �eld is strongly suppressed by
the limited bandwidth through the long laser pulse and the data acquisition. For the same reason, the
�rst peak is broadened and can include three to four sampling points within its width FWHMsim ≈
(49± 12) ps. The full width at half maximum (FWHM) was calculated with linear interpolation, hence
the sampling rate determines the uncertainty δFWHM = ∆t/

√
2.

In summary, the simulation predicts a strong bunch-induced modulation for the EOS measurements at
CLEAR. Its main peak is expected to span around three to four data points within the FWHM, and it
is followed by slightly weaker negative peak from the wake �eld. These signal characteristics were
used during the EOS measurements, when searching for the bunch-induced modulation. The following
section presents the measurement results and includes a brief comparison with the simulation results.

5.4 Experimental setup and methods

This section introduces the experimental prototype setup at the in-air test stand of CLEAR and the
utilized laser system. It provides an overview of the experimental steps in preparation of the �nal EOS
measurements, which includes the laser alignment, setting the crystal distance to the beam, setting
the EO monitor working point and the method to achieve the arrival time synchronization of the laser
pulses and electron bunches. The data analysis methods for the EOS measurements are explained along
an illustrative example of the �nal test measurements during the �rst beam time at CLEAR.

The EO prototype was tested during two separate beam times at the in-air test stand at CLEAR: the
�rst in July 2023, the second in March 2024. The �rst beam time mainly served for preparations and
tests of the prototype integration in the full EO monitor setup and resulted in a �rst indication of a
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(a) Photo

(b) Schematic overview

Figure 5.6: Photo (a) and corresponding schematic (b) of the EOS setup with the prototype at the CLEAR in-air
test stand. The electron beam leaves the vacuum chamber through a Kapton window, where the EO prototype is
set up on a horizontal linear stage on an optical table. The laser system and EOS detection system is located in a
nearby laser laboratory and connected to the prototype via ∼85m of optical �bers. to monitor the transverse
position of the electron beam, a beam screen is located in front of the near-by beam dump.

potential EO signal of two consecutive electron bunches with low SNR. During all these experiments,
the setup was modi�ed multiple times, using di�erent crystals, prisms, �bers and mirrors in the optics
box to improve the laser path alignment. This chapter focuses on the description of the �nal prototype
setup, using the 2mm thick ZnTe crystal with the corresponding crystal holder.

Finally, the measures for noise reduction during the second beam time are described, which were the
key to the �nal EOS measurements.

5.4.1 Overview of the prototype setup

A schematic overview of the entire experimental setup is presented in Fig. 5.6, with the EO prototype
at the in-air test stand. For better visibility, the laser and EO prototype are simpli�ed. For each of these,
a detailed schematic was presented previously, in Fig. 5.7 and Fig. 5.1b.

After the electron beam exits the CLEAR vacuum chamber through a thin Kapton window, it passes
through air above an optical table, until it hits the beam dump. The EO prototype was installed on a
motorized linear stage, which enabled to remotely change the distance between the crystal and the
electron beam. Additionally, two cameras and YAG beam screens were available to be placed somewhere
in the in-air test stand on demand. During the time of the measurements at CLEAR, they have been
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used at di�erent positions. In the example of the photo, a YAG screen was placed before the beam dump,
and monitored with a camera to measure the transverse beam position. The beam dump is suspected to
be the most intense source of ionizing radiation, hence some available lead blocks were used to shield
the prototype.

In the laser laboratory, the light is coupled into a PM �ber, after it passes the delay stage, the grating
compressor and the pulse picker (see Figure 5.7). The laser light is transported through multiple optical
�bers from the laser laboratory to the EO prototype, with a total length of approximately 85m. In the
prototype, the laser is guided through the EO crystal in a free space setup, but the output is coupled
into an optical �ber, again (see Figure 5.1b). From there, the light is transported through multiple �bers
back to the laser laboratory, with a total length of approximately 80m.

The laboratory contained a grating spectrometer with an intensi�ed camera, which could be used to
try bunch pro�le measurements with electro-optical spectral decoding (EOSD). However, the long laser
pulses at the crystal in comparison to the relatively short electron bunches would drastically limit the
resolution. In addition, EOS is a simpler setup, enabling an on-the-�y analysis of the measurements,
which is bene�cial in the initial search for temporal overlap of the laser pulse and the Coulomb �eld in
the crystal. Unfortunately, EOSD was not used during the described measurement campaign, because
the �rst EOS signal was detected just at the last evening of beam time. Nevertheless, EOS measurements
can demonstrate the functionality of the new prism-based crystal assembly and thus provide a baseline
for the future development towards a technical EO monitor design for FCC-ee.

For EOSmeasurements, the �ber with the returning laser light is connected directly to a photodiode with
a speci�ed bandwidth of 12GHz (Thorlabs DXM12DA), and its output was connected to an oscilloscope
with a bandwidth of up to 10GHz (Tektronix MSO648). This simple setup enables monitoring the
modulation of the laser intensity, which is caused by changes of the applied electrical �eld at the EO
crystal. With the crystal in close vicinity to the electron beam, it can be used to sample the Coulomb
�eld of the electron bunch with the laser pulses. This data acquisition is not expected to resolve the
bunch pro�le directly, but it serves as a �rst proof-of-principle test to measure a �rst EO signal with
the novel prism design. The �rst results are presented later in Chapter 5.5.

5.4.2 Laser system for EO applications

Table 5.2: Overview of the pulsed laser system output (Toptica FemtoFiber pro NIR) for EO applications at
CLEAR. Adapted from [40].

Parameter Value Unit

Center wavelength 780 nm
Spectral width (FWHM) ∼10 nm
Average output power <200mW
Pulse energy <2.7 nJ
Pulse length <120 fs
Repetition rate 75MHz

For di�erent beam instrumentation tests, CLEAR has a femtosecond pulsed laser (Toptica FemtoFiber
pro NIR) that can be synchronized to a subharmonic of the accelerating radio frequency (RF) structures.
It is suitable for EO applications and has been used for tests of di�erent setups. This section provides an
overview of the laser system in the context of the EO prototype experiments. A more comprehensive
description is presented in [40, pp. 74 �.].
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Figure 5.7: Schematic overview of the 780 nm femtosecond laser system for EO applications at CLEAR. Three
exemplary laser pulses are illustrated as three ovals, with their length representing changes of the pulse length.
Arrows indicate the orientation of the linear polarization, and only vertically polarized pulses can pass the PBS
in the pulse picker. The anomalous dispersion of the grating stretcher lengthens the pulse with a negative chirp,
which is indicated with a color gradient from red to blue. However, the normal dispersion in the �ber leads to a
stretched pulse with a positive chirp at the in-air test stand.

An overview of the laser pulse parameters is presented in Table 5.2. It is an Erbium-doped �ber laser
with a center wavelength of 1 560 nm, which uses a Lithium-Niobate crystal for second-harmonic
generation of the �nal laser center wavelength of 780 nm. It produces pulses with a length of <120 fs
(FWHM) at a free space output. The repetition rate is tailored to 75MHz to �t the 40th subharmonic
of the 3GHz frequency of the RF accelerating structures. To synchronize with the RF frequency,
a proportional-integral-derivative (PID) controller adjusts the laser repetition rate by changing the
oscillator cavity length.

Figure 5.7 presents a schematic overview of the laser pulse modi�cations along the transport from
the output of the Toptica laser system to the in-air test stand. The free space output �rst leads the
laser pulses to a delay stage, composed of a rooftop mirror on a motorized linear stage. It can change
the optical path by up to 30 cm, resulting in a maximum arrival time shift of the laser pulses by up to
1 ns.

The Toptica laser system is located in a nearby laser laboratory on the klystron gallery of CLEAR, where
a �ber patch panel is connected to a patch panel at the CLEAR beamline with a �xed 75m long PM
�ber to transport the laser light. Depending on the use case, additional �bers are used to transport the
laser light from the laser system to the patch panel in the laser lab, and from the patch panel at CLEAR
to the experiment. A typical material for these �bers is fused silica, which has a normal dispersion
D < 0. Thus, a grating stretcher with an anomalous dispersion D > 0 is installed before the �ber to
partly compensate for the stretching of the laser pulses. Nevertheless, the total length of the �bers
leads to pulses with a calculated length of approximately σz ≈ 7.5mm (στ ≈ 25 ps) at the in-air test
stand [40, p. 85].

A pulse picker based on a Pockels cell is installed after the grating stretcher. It enables to adjust the
repetition rate of the laser pulses to match the 10Hz repetition rate of CLEAR. In the pulse picker,
the linear polarization of the laser light is rotated with a λ/2 waveplate to be re�ected at a PBS into
a laser dump. A short electrical signal can be applied to the Pockels cell before the PBS to rotate the
polarization of a selection of laser pulses. As a result, only a selection of pulses is transmitted through
the PBS. It is typically set to a repetition rate of 10Hz, omitting most of the laser pulses from the native
repetition rate of 75MHz. This is an advantage for EO measurements, because every selected laser
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Figure 5.8: Normalized laser intensity at the output of the EO laser system during a delay scan from 0 ns to
−1 ns. The data was recorded with a photodiode during the beam time at CLEAR, using the EO prototype setup
(see Chapter 5.4.1). The color gradient redundantly encodes the y-value to maintain consistency with its usage in
later �gures. Every data point shows the average laser pulse amplitude over 50 shots, with the corresponding
standard deviation indicated by error bars. The variation is very small, hence the error bars are mostly hidden
behind the data point markers. The normalized laser intensity stays above the dashed gray 85 % mark for the
�rst half of the scan, but decreases to a minimum of ∼29 % in the second half. (Also presented in Ref. [1])

pulse can overlap in time with an electron bunch. However, it makes laser alignment and setting up
experiments more di�cult because the average laser power is reduced drastically. To mitigate this
issue, the angle of the λ/2 waveplate is changed during the laser alignment, allowing the transmission
of all pulses through the PBS.

5.4.2.1 Effect of the delay stage on laser intensity

The setting of the laser delay can change the e�ective output intensity of the laser, because a movement
of its linear stage leads to small laser path misalignments. This changes the output intensity because
the coupling e�ciency into the PM �ber is very sensitive to angular and positional alignment.

Figure 5.8 presents the laser pulse amplitude during a scan of the delay stage, normalized to the
maximum pulse amplitude. The measurement data was taken with a photodiode during an EOS delay
scan with the EO prototype, which is described later in Chapter 5.5. The plot shows the mean pulse
amplitude during 50 shots, with error bars indicating the standard deviation. The color-code for the
amplitude will also be used in later plots of the EOS measurement results. During the measurement,
the delay stage was moved in a range from 0 cm to 15 cm in 59 equidistant steps, e�ectively reducing
the laser path length before the detector. The movement corresponds to a delay of 0 ns to −1 ns with a
step-width of ∼17 ps.

The normalized pulse amplitude stays above the 85 % mark for more than the �rst half of the delay scan,
approximately from 0 ps to −550 ps. The amplitude oscillates during the delay change with a period
length of approx. 200 ps (∼3 cm), possibly arising from geometric inconsistencies of the linear stage,
for example a tilt error of the stage itself, or a periodic pitch error of the leadscrew. The amplitude of
the oscillation increases in the second half of the scan, in addition to an overall amplitude decrease,
which reaches its minimum approximately at −978 ns with ∼29 % of the maximum pulse amplitude. A
lower pulse intensity decreases the SNR of EOS and EOSD measurements, hence the usable scan range
could be limited, depending on the noise level of the individual measurement. However, this issue only
arises during delay scans, since once the laser delay is �xed to a desired delay, the laser alignment can
be optimized manually for the speci�c setting.
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Table 5.3: Exemplary power budget table with multiple measurement points along the laser trajectory (positions
are marked in Fig. 5.1). The measurements were taken during the alignment process with a handheld silicon
photodiode of a common power meter (Thorlabs PM100D), with an estimated absolute uncertainty of ±10 %. The
values correspond to the transmission from the previous listed position to the given position in percent.

Position Description Transmission

1 Fibers from laser to input collimator ∼57 %
2 Before �rst λ/2 waveplate ∼90 %
3 After �rst λ/2 waveplate ∼96 %
4 Before the arm ∼67 %
5 After the arm (prisms + crystal) ∼44 %
6 After λ/4 and second λ/2 waveplate ∼88 %
7 After second PBS ∼91 %
8 After output collimator (in �ber) ∼81 %
9 In the laser lab (in �ber) ∼47 %

Total transmission ∼4.4 %

The �uctuation over time of the laser pulse amplitude is generally low, with an average standard
deviation of ∼1.6 % and a maximum of 3.1 % across the steps of the delay scan. Additionally, small
shot-to-shot variations do not a�ect EOS measurements strongly, because the average over multiple
shots can be used to decrease the standard error of the mean (SEM).

5.4.3 Alignment of the laser path and the crystal position

The laser trajectory was prealigned at KIT, but with the available 1 030 nm laser. At CLEAR, a realign-
ment was required, because the dispersion of all the components lead a slightly di�erent path for the
780 nm at CLEAR. Additionally, the transport from KIT to CERN might have caused misalignments,
considering that especially the coupling e�ciency into the SM �ber at the output is very sensitive to
the incidence angle and position.

One week before the beam time at CLEAR, the fully assembled EO prototype (see Fig. 5.1) was brought
to the laser laboratory at the klystron gallery above the CLEAR experimental hall. This enabled a �rst
alignment with the 780 nm pulsed laser (see Chapter 5.4.2) by connecting it to the input �ber of the
prototype. In the EO prototype, the motors of the λ/4 and λ/2 waveplates have been integrated in the
control system of CLEAR to remotely control the working point. For the laser alignment, the waveplates
were set to transmit maximum laser power in the output �ber. Finally, the setup was installed at the
CLEAR in-air test stand on the �rst day of beam time. Over the time at CLEAR, multiple modi�cations
have been made to the setup to �nally achieve successful EOS measurements, hence the laser alignment
was repeated multiple times.

Table 5.3 presents one exemplary measurement of a power budget table across di�erent sample points
along the laser trajectory. For this measurement, the monitor was already installed at the CLEAR in-air
test stand and connected to the laser via two consecutive �bers with a length of 75m and 10m. The
measurements were taken with a handheld silicon photodiode, connected to a power meter (Thorlabs
PM100D). The estimated absolute uncertainty is around ±10 %, hence the measurements only serve as
an orientation.

102



5.4 Experimental setup and methods

One of the largest power losses of around occurs during the transport to and from the EO prototype to
the laser laboratory, with a transmission of approximately 57 % on the connection from the laboratory
to the prototype input and 47 % transmission from the prototype output back to the laboratory. This
transmission includes three FC/APC connectors for the connection of a 10m �ber from the laser to the
patch panel within the laser laboratory, a 65m �ber from the laboratory to the patch panel at CLEAR,
and a 10m �ber from the patch panel to the pigtail-style collimator at the prototype input, with its 1m
long �ber. The same scheme is applied from the prototype output towards the photodiode in the laser
laboratory.

The FC/APC connectors between two �bers are suspected to be major contributors to the losses.
Qualitative transmission measurements with multiple combinations of available �bers and connectors
showed drastic di�erences in transmission e�ciency. Some combinations with a 10m �ber had losses
>50 %, while others were below 20%. These di�erences hint at issues with the manufacturing tolerances
of the FC/APC connectors or the �bers. However, due to the large number of possible combinations
and the limited time, not all connector and �ber combinations could be tested. As a result, the best
combinations out of a couple of sample measurements were chosen for the �nal setup.

The input requires PM �bers to enable a linear polarization at the crystal, but it is not required for
the output, because the EO modulation is encoded in the laser intensity. The output pigtail collimator
has a SM �ber, which was connected to the available PM �bers for transport to the laser laboratory.
The connection between the SM and PM �ber is less e�cient, which is likely part of the reason for the
reduced transmission e�ciency from the prototype to the detection system.

The transmission e�ciency from the EO prototype input to its output totals to ∼17 %, of which the
greatest power loss occurs at the mechanical arm with the crystal assembly. The 44 % transmission
e�ciency in the prisms and crystal is less than expected. It could be caused by imperfections in the
crystal and prism surface, which cause additional re�ections. If the crystal and prism surface are
not fully �at, small air pockets occur, which could lead to additional losses. A transmission of up to
74 % could be achieved during previous tests with a di�erent 1mm thick crystal. However, the higher
sensitivity of the 2mm thick crystal was preferred for the �nal measurements.

In summary, the total transmission e�ciency from the laser system to the EOS detection system
was approximately 4.4 %, which is less than expected. However, the laser power at the photodiode
was su�cient for reliable detection, hence further optimizations were not pursued due to the limited
beam time. Future experiments could likely bene�t from a detailed investigation aimed at improving
transmission e�ciency through realignment, cleaning or replacing optical components at locations
with high losses.

For the EO measurement, the crystal needs to be positioned in close vicinity to the electron beam and
aligned such that the Coulomb �eld vector is parallel to the [110] crystal axis (see Chapter 2.2.2). To
achieve this orientation, the prototype was installed horizontally on adjustable stands to match the
height of the crystal center to height of the electron beam. To aid the alignment process, a visible,
red laser can be activated by moving a mirror in the vacuum chamber. Its light path follows the ideal
electron beam trajectory above the optical table at the in-air test stand, thus it can be used as a reference
to align the position of the EO crystal.

Figure 5.9 presents a photo of the crystal in its holder clipping the light of the red alignment laser. The
detector card downstream of the crystal shows the shadow of the prisms and crystal, and the laser spot.
It was used to align the crystal on the vertical axis by changing its height until the laser spot was in
the middle of the shadow of the crystal edge. Additionally, it was used for the o�set calibration of the
horizontal linear stage, which is supposed to adjust the distance between the center of the electron
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Figure 5.9: Photo of the alignment laser to calibrate the position of the crystal relative the the electron beam.

beam and the edge of the crystal. It was de�ned to be zero at the position where the crystal edge cuts
the laser spot in half.

Finally, a scintillating yttrium aluminium garnet (YAG) screen with a crosshair was centered around
the laser spot and positioned in front of the beam dump. It serves as a reference to center the electron
beam during the measurements using steerer magnets.

5.4.4 Crystal distance optimization

As the bunch-induced modulation amplitude correlates with the electric �eld strength in the crystal, it
scales with 1/r2 with the distance r of the electron bunch to the probe laser (see Chapter 2.1.3). Thus,
bringing the crystal close to the electron beam is essential for achieving a high modulation. However,
the crystal should not be put directly in the electron beam to avoid damage.

To enable controlled positioning of the crystal, an alignment laser was used to calibrate a linear stage
that controls the horizontal distance between the crystal and the ideal beam center (see Chapter 5.4.3).
To �nd a suitable position of the EO crystal during the EOS measurements, a YAG beam screen had
been installed on the electron beam path close to the EO crystal. Figure 5.10 presents a screenshot of a
camera image from the beam screen. The EO crystal was slowly moved closer to the electron beam,
until an edge is visible on the beam screen, which originates in the EO crystal clipping the beam.

Typically, the clipping appeared at a distance of 2mm between the crystal edge and the beam center.
This position was chosen for the �nal EOS experiments, because it provides a balance between being
close enough to the beam to have a large modulation amplitude, but avoiding having the probe laser
directly in the electron beam and potentially damaging the crystal.

5.4.5 Working point of the EO monitor

The working point is de�ned by the angles of the λ/4 and λ/2 waveplates of the polarization analyzer,
which is integrated into the optics box of the prototype (see Fig. 5.1b). The polarization analyzer
converts the electron bunch induced modulation of the laser polarization into an intensity modulation,
and its working point greatly a�ects the linearity and amplitude of this conversion (see Chapter 2.2.3).
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Figure 5.10: Screenshot of a camera image from a
beam screen positioned shortly after the EO proto-
type. The EO crystal distance to the beam was slowly
reduced, until an edge appears on the screen im-
age, caused by the crystal clipping the electron beam.
The colors have been adjusted and transformed to
grayscale to improve contrast. This image was �rst
published in [1].
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Figure 5.11: Illustration of the normalized laser intensity
for the EO monitor working point that has been used
at CLEAR. With the λ/2 waveplate angle θ = 15◦ and
the λ/4 waveplate angle phi = 0◦ of the polarization
analyzer, the working point is set at a greater laser inten-
sity and on a steeper slope in comparison to the typical
near-crossed setting at KARA (see Chapter 2.2.3). The
range of the phase retardation Γ = −10◦ to 20◦ is esti-
mated from the simulation results (see Chapter 5.3) and
is drawn in blue in contrast to the full period overview
in light blue.

At CLEAR, the motorized λ/4 and λ/2 waveplate were integrated in the control system to enable
working point changes without needing to access the experimental hall. However, the scale for the
waveplate angles in the control system was not calibrated initially.

The waveplate rotation angle was calibrated by running the probe laser through the EO prototype
and monitoring the average laser pulse power on a power meter, while changing the working point.
First, both waveplates have been adjusted to �nd a minimum laser power. This crossed-polarizer
con�guration serves as a reference point and de�nes the waveplate angles ϕ = 0, θ = 0. The laser
amplitude is expected to be symmetric around the minimum, therefore each waveplate was rotated by
a certain angle in both directions to check, if the resulting laser amplitude was approximately equal.
Next, the angle θ of the λ/2 waveplate was increased, until it passes a maximum and reaches the next
minimum. This de�nes θ = 45◦. The precision of this process is limited by the readings of laser power,
the laser stability, the precise positioning of the reference point and many other factors. Hence, the
uncertainty of both waveplate angles is estimated to be around σ(ϕ, θ) = 1◦.

This calibration was performed each time, after related changes were done to the setup. Additionally,
the amplitude di�erence between the maxima and minima reveals the extinction ratio of the EO system,
which describes the dynamic range of the detection and determines the signal clarity. It was typically
measured to be ∼18.5 dB, which is a decent value that is not expected to be a limiting factor for the
EOS measurements.
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5 Prototype test at CLEAR

As described in Chapter 2.2.3 and Equation 2.38, the laser intensity at the EO prototype output is de�ned
by

Idet(θ, ϕ = 0,Γ) =
Ilaser
2

[1− cos(Γ + 4θ)], (5.4)

with the bunch-induced phase retardation Γ. For the measurements at CLEAR, a working point around
ϕ = 0, θ = 15◦ was typically chosen. The expected range of the phase retardation around the working
point is deducted from the simulation in Chapter 5.3 and presented in Fig. 5.11. While smaller angles
potentially increase the relative bunch-induced modulation (see Chapter 2.2.3), this working point
provides a larger laser pulse signal amplitude and larger absolute modulation, because the slope of
sinusoidal function is larger. A high absolute modulation was preferred, because at the time of the
measurements, the signal noise was a major concern and the laser power at the photodiode was low.
This working point enabled a greater laser power, which increased the SNR on the photodiode.

5.4.6 Arrival time synchronization utilizing transition radiation

Finding the temporal overlap of the laser pulse and the Coulomb �eld of the electron bunch is one of
the biggest challenges when commissioning an EO bunch pro�le monitor. The laser repetition rate is
synchronized to the RF frequency of CLEAR, but the low duty-cycle of the laser pulses and electron
bunches provide a challenge for matching their arrival time at the EO crystal.

The laser pulse length σz ≈ 7.5mm (στ ≈ 25 ps) is small compared to the pulse spacing Trep ≈ 13.3 ns
(for frep = 75MHz). It results in a duty-cycle of

PDC =
4στ
Trep

, ⇒ P (laser)
DC ≈ 0.75%, (5.5)

assuming an e�ective pulse length of ±2σ. Considering the delay stage with a maximum delay of 1 ns,
the chance that the laser pulses can match a random arrival time is only ∼7.5 %.

The electron bunches have a spacing of Trep ≈ 0.1 s (frep ≈ 10Hz). With an exemplary bunch length
of σ ≈ 7.5 ps, resulting in a duty-cycle of

P (CLEAR)
DC = n · 3× 10−8%, (5.6)

which can be multiplied by the number of micro-bunches n with a spacing of ∼667 ps (see Chapter 5.1).
For example, a bunch train of 20 micro-bunches has a total length of∼13.3 ns, which covers the spacing
between two laser pulses. It guarantees that at least one laser pulse has a temporal overlap with a
micro-bunch during a scan of the delay stage.

However, the 10Hz repetition rate of bunch trains compared to 75MHz of the laser pulses leads to
a modulation of only every 75 000th laser pulse. The modulated pulse is di�cult to �nd, since the
modulation occurs only during a small part of the delay scan. Additionally, the laser amplitude changes
with the delay, because movements of the delay stage cause small misalignments, which change the
coupling e�ciency into the PM �ber (see Chapter 5.4.2.1).

5.4.6.1 Transition radiation reference setup

To narrow down the search for the overlap signal, an additional setup for reference arrival time
measurements was installed next to the prototype. It enabled measurements of the beam-induced
transition radiation (TR) with a continuous-wave probe laser via an EO Mach-Zehnder interferometer.
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(a) Photo (b) Schematic

Figure 5.12: Photo (a) and schematic (b) of the arrival time reference setup using TR, based on [113]. A silicon
wafer is placed at an angle in the electron beam, to produce and direct TR into a horn antenna. The horn antenna
transmits the corresponding signal to an EO Mach-Zehnder interferometer. A continous wave laser is connected
to the interferometer, using the same �bers and �nally the same photodiode and oscilloscope as the EO prototype.
The TR produces a peak in the �nal laser signal on the photodiode, which serves as reference for the bunch
arrival time on the oscilloscope.

The probe laser can use the same �bers and photodiode as the EO prototype, providing a reference
signal of the bunch arrival time on the oscilloscope. The setup was used and characterized previously at
CLEAR in the context of developing a Cherenkov di�raction radiation (ChDR)-based beam diagnostic,
which is described in [113, pp. 128 �.].

Instead of the direct beam �eld, the reference setup is optimized to measure transition radiation. TR is
emitted, if an electric charge passes a transition between two media with di�erent permittivity [44,
114]. It features a broadband spectrum, with coherent emission for wavelengths greater or equal to
the bunch length. It is typically used as an intrusive bunch length diagnostics in linear accelerators,
which use the coherent transition radiation (CTR) from a metal disc or foil inserted in the particle beam
path [115–117].

A photo and corresponding schematic of the experimental setup at CLEAR is presented in Fig. 5.12. A
silicon wafer is installed in the electron beam path at an angle of∼45° to direct the backwards TR onto a
broadband horn antenna (A-INFO LB-65180-15-C-SF). It is connected to a Mach-Zehnder EO modulator
(iXblue NIR-MX800-LN), which modulates the probe laser intensity relative to the electric signal from
the horn antenna. The laser intensity is measured with the same photodiode and oscilloscope as the
EO prototype. The same optical �bers can be used, too, which leads to a similar arrival time of the
bunch-induced laser modulation on the oscilloscope for both experiments.

The bene�t of the CTR setup is the use of a continuous wave (CW) laser (Thorlabs S1FC780PM), which
inherently does not require delay scans to detect temporal overlap. Instead, the overlap is found by
searching for a peak in the otherwise constant laser intensity on the oscilloscope. Common CW lasers
have a drastically smaller peak power than the pulsed laser system and therefore require a su�cient
modulation amplitude to achieve a good signal-to-noise ratio (SNR). Tests of the EO prototype with the
CW were not successful, hence the CTR setup was used to provide a stronger laser modulation.

The EO Mach-Zehnder modulator in the CTR is a �ber coupled device, with an RF input for the horn
antenna and a DC bias voltage. It divides the laser pulse into two parts, which are guided separately
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Figure 5.13: Photodiode signal of the CTR measurements with three micro-bunches per train. The bottom axis
refers to the timebase of the oscilloscope, while the top axis shows the time in ns for better readability. A CW
laser was connected to the calibration setup using the same return �ber as for the EO prototype. The timing of
the three peaks on the oscilloscope serves as a reference time for later EOS measurements with the prototype for
FCC-ee.

through a lithium niobate (LiNbO3) crystal and recombined before its output. An applied electrical
�eld changes the birefringence of the crystal through the EO e�ect, resulting in a phase retardation
between the two laser paths. In this case, the origin of the electrical �eld is a combination of a bias
voltage and the signal from the horn antenna. The combination of both laser paths at the output leads
to an interference, which modulates the output laser intensity.

In the ideal case, the resulting laser intensity is given by [118]

ICTR =
I0
2

·
(

1− cos

(
π

Vπ
(Vbias + V )

))

, (5.7)

with the bias voltage Vbias and the characteristic voltage Vπ , which describes the voltage for a phase
shift of π. Similar to the principle of the EO monitor (see Eq. 2.38) the modulation amplitude of the
laser intensity depends on the working point. In this case, the working point can be adjusted with a
bias voltage Vbias. For the time calibration, optimizing the working point for maximum modulation
amplitude is not the priority, as only the arrival time of the modulation is of interest. Thus, the bias
voltage was dynamically tuned to maintain an adequate SNR.

5.4.6.2 Reference CTR measurement of three bunches

Figure 5.13 presents an example photodiode signal with the CTR setup. CLEAR was set to have three
micro-bunches per train, leading to three consecutive peaks in the photodiode signal. The shape of the
peaks is mainly a detector-limited response and does not directly correspond to the electron bunch
shape, since the bandwidth of the data acquisition is not su�cient to resolve the modulation of the
picosecond short electron bunches. In addition, the working point has been arbitrarily set in a low
transmission setting to achieve an adequate relative modulation amplitude, but it is not optimized to
provide a linear relation to the CTR signal. Nevertheless, the CTR setup successfully provides a timing
reference to help with the search for the temporal overlap with the EO prototype.

The two spacings between the three peaks are ∼683 ps and ∼632 ps, which are close to the expected
bunch spacing of∼667 ps. The discrepancies likely originate in the peak width in combination with the
noise level (root mean square (RMS) noise of ∼0.07mV), since the position of the maxima is sensitive
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Figure 5.14: Arrival time comparison of EO prototype laser pulses (orange) and CTR measurements with a CW
laser (blue). The measurements were done sequentially, switching the same �bers, photodiode and oscilloscope
between the two setups. The numbers at the peaks correspond to the relative numbers of the electron bunches,
in reference to Fig. 5.13. The diagram on the bottom highlights the peak positions as vertical lines and the scan
range of the delay stage (light orange). The signal of an electron bunch is expected to arrive 3 ns earlier with the
EO prototype compared to the CTR setup. Applying the expected delay to the CTR measurements of bunch 12
to 14 reveals, that bunch 13 is expected to overlap with a probe laser pulse during the delay scan with the EO
prototype.

to noise. Overall, the level of agreement is considered su�cient to use the peaks as a reference for the
bunch arrival time.

The oscilloscope was triggered on a 10Hz reference signal, synchronized with the CLEAR repetition
rate. Since the same trigger signal is used for the EO prototype measurements, the arrival time of
the peaks on the oscilloscope can be used as a reference point. For later reference, the peaks and
corresponding bunches are numbered 1, 2 and 3, sorted by their approximately arrival time 2.822 2 µs,
2.822 9 µs and 2.823 5 µs.

5.4.6.3 Laser pulse arrival time estimation to achieve temporal overlap with an electron

bunch

To calculate the expected arrival time di�erence between the CTR setup and the EO prototype, the
optical path length from the electron bunch to the oscilloscope was estimated. It is calculated as a
sum of the path lengths with certain sections, multiplied with the refractive index of the respective
medium (e.g. air, optical �bers, EO crystal, ...). In total, the EO prototype is estimated to have a shorter
optical path length by ∼92 cm, hence the signal is expected to arrive ∼3 ns earlier at the oscilloscope
compared to the CTR setup.

Figure 5.14 presents an exemplary photodiode signal of the EO prototype with the pulsed laser in
comparison to CTR measurements with the CTR setup using a CW laser. The arrival time of the laser
pulse can only be shifted in negative direction by up to −1 ns, due to the limited movement of the delay
stage. The bunch arrival time is more �exible, because the pulse picker of the laser for the photoinjector
enables to change the selected pulse range (see Chapter 5.1). It enables to select the RF buckets that
are �lled with an electron bunch, e�ectively enabling a phase shift of the bunch train in relation to
the 10Hz trigger signal. In the following description, the bunches are numbered according the their
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Figure 5.15: Photodiode signal at the start (blue) and end (orange) of a delay scan during EOS measurements.
Three pulses are typically recorded in one waveform, with an expected modulation on pulse two during the delay
scan. The timing for the overlap is estimated with the CTR reference setup (see Chapter 5.4.6. The other two
pulses serve as an unmodulated reference, and can be used to calculate the relative modulation. (Also presented
in Ref. [1])

relative RF bucket number in reference to the �rst bucket in Fig 5.13. The goal is to �nd the appropriate
RF buckets, which lead to a temporal overlap of an electron bunch with the pulsed EO laser in the EO
crystal during a 1 ns delay scan of the laser pulses.

The peaks in the CTR measurement of the bunches 12 to 14 are more uneven compared to the previous
CTR measurements of the bunches 1 to 3, which is not fully understood and might originate in di�erent
bunch charges or a di�erent working point of the CTR setup. The measurements were done a couple
of hours apart, with a restart of the machine in between and a di�erent scaling of the y-axis on the
oscilloscope. However, the position of the peaks matches the expected position well, which is calculated
by extrapolating from the CTRmeasurements of the bunches 1 to 3 assuming a bunch spacing of∼667 ps.
Hence, the peak position is considered su�ciently accurate to serve as a rough timing reference for the
EO prototype.

The CTR signal of the bunch 13 has its maximum at ∼2.830 8 µs which is within the approximate
range of the delay scan of the EO prototype setup (∼2.827 4 µs to∼2.826 4 µs), when accounting for the
estimated −3 ns shift from the optical path length di�erence. The calculated arrival times are considered
to have high uncertainties, mainly due to the rough estimation of the optical path length di�erence
between the two setups. Hence three bunches 12 to 14 were used for the initial measurements with
the EO prototype to increase the chances of �nding overlap. Thanks to this estimation, �rst EOS
measurements with the prototype were performed successfully, which is described in Chapter 5.5.

5.4.7 Data analysis methods for EOS at CLEAR

The oscilloscope provides the photodiode signal, and is set to include typically three or more laser
pulses per waveform. Figure 5.15 presents two example waveforms from EOS measurements of 2023.
The �rst waveform shows the signal of three laser pulses at the beginning of the delay scan, and the
other waveform shows the signal at its end. In this measurement, the maximum delay was set to
approximately −850 ps. The RMS baseline noise is typically in a similar order of magnitude as the
expected bunch-induced modulation, hence a direct observation on the oscilloscope is unlikely. In this
example, the RMS noise of the baseline is ∼0.12mV, which calculates to approximately 1.9 % to 4.8 %
of the pulse amplitude during the delay scan.
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Figure 5.16: Amplitude of three recorded laser pulse peaks during the EOS scan. One data point represents the
mean value over 50 shots, with its standard deviation indicated as error bars. The standard deviation is very small
and not visible in this graph, but becomes more important during the following data analysis. The amplitude
change is caused by the movement of the delay stage (see Chapter 5.4.2.1). The progression of the three peaks is
very similar with a high absolute amplitude, hence the markers peaks 1 and 2 are hidden behind peak 3. The
small di�erence makes observations of small deviations di�cult. Thus, this plot serves as an intermediate step,
but is not suitable to visualize a potentially small bunch-induced modulation.

To reduce the noise, typically the average over 50 to 100 measurements is taken per step of the delay
stage. The resulting SEM is about a factor of 10 smaller than the single-shot baseline noise, achieving a
level below 1% of the peak amplitude. For example, Fig. 5.16 presents the mean amplitude of all three
peaks and its SEM during a delay scan. Due to the small errors, the corresponding error bars are mostly
hidden behind the data point markers. The pulse amplitude of all peaks generally decreased during the
scan, with an additional slow amplitude oscillation. This behavior across all three peaks is caused by
the movements of the delay stage, which is discussed in Chapter 5.4.2.1.

In a typical EOS measurement, only one pulse of the three pulses is expected to temporally overlap with
the electron bunch. Therefore, a bunch-induced modulation would manifest in the plot as an amplitude
deviation of one peak for a certain time span during the delay scan. The expected time span ∆τ of the
modulation can be estimated, by considering the temporal overlap of the Coulomb �eld of the electron
bunch with the laser pulse. Assuming a Gaussian shape for the laser pulse σlaser and the Coulomb �eld
σbunch, the width of the cross-correlation curve is also Gaussian, with an e�ective width

σmod =
√

σ2bunch + σ2laser. (5.8)

In a typical EOS example from the CLEAR measurements, the laser pulse length is approximately
σlaser ≈ 25 ps and a bunch length in the order of σbunch ≈ 4.5 ps, resulting in a modulation width of

σmod ≈ 25.4 ps (FWHMmod ≈ 59.8 ps) . (5.9)

This calculated modulation width also agrees with the simulated EOS modulation width of ∼ (55.0±
12.0) ps (FWHM) (see Chapter 5.3.2).

In this example, the step-width of the delay stage is set to ∼52mm, resulting in delay shifts of ∼17.4 ps.
This provides a balance between an acceptable scan duration of ∼38min and at least three data
points within the FWHM of the bunch-induced modulation. The length of the scan duration is partly
determined by the 10Hz repetition rate and the number of measurements per step, but the internal
processing of the oscilloscope also provided a bottleneck. The performance of the oscilloscope gradually
deteriorated, which was likely caused by an increasingly full internal cache.
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Figure 5.17: Overview of the relative deviation be-
tween peaks. The plot has a section for each peak,
which compares the deviation to all other peaks. It
enables to identify pulse modulations of any pulse
during the delay scan. If a deviation appears across all
rows within one section and is visible over a suitable
delay span, it is potentially a bunch-induced modula-
tion.
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Figure 5.18:Modulation of peak 2 and its SEM dur-
ing the delay scan. The changes of the absolute laser
pulse amplitude are indicated with a color gradient
(see Chapter 5.4.2.1). After identifying a unique mod-
ulation on a certain peak S in Fig. 5.17, all other
peaks are summarized as a background signal BG
to achieve a minimal SEM. The presented modulation
M = S/BG−1 and its calculated uncertainty enables
to characterize the modulation peak. In this exam-
ple from 2023, the modulation amplitude is too small
to enable any conclusions towards a bunch-induced
modulation.

However, the bunch-induced modulation is potentially small compared to the absolute peak amplitude,
making it di�cult to observe the modulation. To improve visibility of small modulations, the amplitude
ratios of the di�erent combinations of all three peaks are calculated. To get an overview over all
combinations, a 2D matrix-like image is plotted, where the rows are ratios of the peak combinations
and the columns correspond to the delay step.

An example is presented in Fig. 5.17, where each pixel of the 2D plot is colorized with increasing
vibrancy in correlation to the relative deviation of the peaks. The plot is divided in three sections with
three rows each, showing the relative modulation of one speci�c peak in comparison to all the other
peaks. If a one peak has a bunch-induced modulation with su�cient amplitude, it shows up as a vibrant
color at the same delay range over all rows within its section. Thus, the overview plot is useful to
determine the modulated peak containing. However, it doesn’t show the uncertainty, hence further
analysis is necessary.

In this example from the beam time in 2023, the overview plot reveals that peak 2 has a maximum in
the relative deviation to peak 1 and peak 3 at a delay of around −550 ps. It spans approximately across
three delay steps, which meets the expected width for a bunch-induced modulation. However, the
modulation is small (∼1 %).

Assuming peak 2 (S) to have a bunch-induced modulation enables to summarize the other peaks as
an unmodulated signal (BG). Hence, the modulation of peak 2 is linearly related to the division of its
amplitude by the mean amplitude of all other peaks

M =
S

BG
− 1. (5.10)
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Summarizing all unmodulated peaks to a single background signal further decreases the uncertainty of
the modulation, which is calculated with an error propagation

SEMM =
S

BG

√
(
SEMS

S

)2

+

(
SEMBG

BG

)2

. (5.11)

As a result, the modulation M ideally has a clear peak with decent SNR that corresponds to the
bunch-induced modulation of the EO prototype,

Figure 5.18 presents the modulation of the example data from 2023. Additionally, the laser pulse
amplitude changes, which are caused by the delay stage, are indicated with a color gradient of the data
points. It highlights that the higher SEM towards the end of the delay scan roughly correlates with
reduced pulse amplitude (see Chapter 5.4.2.1). The peak around a delay of −550 ps possibly corresponds
to a bunch-induced modulation, but the maximum of∼(1.02 ± 0.22) % (SNR ≈ 4.7) is still small. Overall,
the measurement result of 2023 was considered as a hint to a possible EO bunch-induced modulation,
hence the beam time in 2024 was planned to further improve the results.

5.4.8 Noise reduction

During the measurements in 2024, the signal-to-noise ratio (SNR) could be improved by multiple
di�erent factors. A major contribution was an increase in the bunch charge from ∼0.3 nC to ∼1 nC,
enabled by the installation of a new cathode for the photoinjector of CLEAR in winter of 2023/24 [119].
As the EO e�ect scales linearly with the electric �eld strength in the crystal (see Chapter 2.2.1), this
improvement is expected to increase the amplitude of the modulation approximately by a factor of 3.
It was also found in retrospect that the pulsed probe laser for the EO experiment probably su�ered
from a large jitter of the order of 5 ps (1σ) during the beam time in 2023 and had been improved
to a jitter of the order of hundreds of femtoseconds [120] until the measurements in 2024. Due to
averaging over multiple shots, a larger jitter contributes to a broadening and amplitude reduction of
the bunch-induced modulation in the EOS measurements. Thus, the jitter reduction is expected to
contribute to the improvement of the EOS measurements in 2024.

In the beginning of the beam time in 2024, the klystrons next to the laser laboratory were found to be a
major source of high frequency noise in the oscilloscope data. Therefore, the klystrons that were not
essential for the EOS measurements have been turned o�. In addition, the bandwidth of the oscilloscope
was digitally reduced from 10GHz to 3GHz, further reducing the baseline noise in its waveforms. As a
�nal measure for noise reduction, the number of samples per step of the delay scan was increased to
typically 100 instead of 50 measurements reducing the SEM in the EOS measurement analysis.

5.5 EOS measurements with the prototype at CLEAR

Two separate weeks of beam time, �rst in July 2023 and second in March 2024, were used to perform
tests with the EO prototype for FCC-ee at CLEAR. The prototype was designed to serve as a proof-of-
principle for the novel prism-based design of the crystal holder. To test the feasibility of this compact
single-pass setup, the prototype at CLEAR was set up for an EOS experiment, following the description
of Chapter 5.4.

The results of the �rst beam time in 2023 had a low SNR and are used in this chapter as illustrative
example for the methodology of analyzing the EOS measurements. The SNR was improved during the
beam time in 2024, and its results are discussed separately in the second part of this chapter.
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Figure 5.19: Overview of the relative amplitude deviation of the three laser pulse peaks from the photodiode
signal during a delay scan. It shows the average deviation over 100 shots at each delay step. The plot reveals a
∼5 % modulation of peak 2 in the begging and towards the end of the delay scan. The spacing of the modulation
peaks matches the expectation for a bunch-induced modulation.

5.5.1 Discussion of experimental results

To con�rm the working principle of the EO prototype, multiple EOS measurements have been done at
CLEAR in 2024. Di�erent working points, delay scan resolution and number of bunches have been
used to verify that the signal follows the anticipated behavior. This section presents the results of
these measurements using the analysis methods from the previous section. The machine parameters
generally follow the description of Chapter 5.1, if not stated otherwise.

5.5.1.1 EOS measurement compared to simulation

After multiple days of optimizing the setup and the arrival time synchronization, a promising signal
was detected in the last afternoon of the beam time. To maximize the absolute modulation, the working
point was set to ϕ ≈ 0, θ ≈ 15◦, and the EO crystal was moved close to the electron beam at a distance
of ∼2mm.

CLEAR was operated with bunch trains at 10Hz containing three micro-bunches. Their RF buckets
were selected to achieve temporal overlap with a laser pulse during the delay scan (see Chapter 5.4.6).
The bunch charge was maximized to achieve approximately 1 nC per micro-bunch, at a bunch length
of σ ≈ 7.5 ps.

The oscilloscope was set to record three laser pulses within one waveform, of which the second one
(peak 2) was expected to experience a bunch-induced modulation during the delay scan, based on the
arrival time synchronization tests with the CTR setup (see Chapter 5.4.6). 100 sample measurements
were taken at each delay scan step to improve the SNR of the average.

Figure 5.19 presents the relative deviation of the three laser pulse peaks in all possible combinations.
It reveals a relative deviation of peak 2 to the mean of peak 1 and peak 3. The deviation has two
prominent maxima with a modulation of approximately 5 %, one close to the beginning of the delay
scan at tC1 ≈ −257 ps and one towards the end at tC2 ≈ −925 ps.

The distance between the maxima of ∼668 ps �ts well to the expected ∼667 ps bunch spacing. The
small deviation of 2 ps is possibly caused by the limited sampling resolution ∼17 ps. Additionally,
approximately three data points seem to be part of the peak around the maximum, which matches the
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Figure 5.20: Modulation of the average peak 2 amplitude compared to the average amplitude of peak 1 and
peak 3 during a delay scan. The error bars indicate the SEM, which generally increases during the delay scan
and largest around the peak at tC1. The change of the absolute laser amplitude change during the delay scan is
indicated by a color gradient of the data points. The plot shows two maxima with a decent SNR, which likely
correspond to a bunch-induced modulation. (The measurement data was also presented in Ref. [1, 2])

expectation for a bunch-induced modulation (see Chapter 5.4.7). Thus, peak 2 is assumed to be the
modulated peak, while peak 1 and 3 can be summarized as a background reference.

Figure 5.20 presents the modulation of peak 2, using the mean of peak 1 and peak 3 as reference.
Summarizing peak 1 and peak 3 e�ectively doubles the number of background samples, hence reducing
the SEM. The SEM is indicated by error bars, and it increases towards the end of the delay scan (left
side of the plot) due to the overall reduced laser pulse amplitude. The change of the pulse amplitude
during the scan is indicated with a color gradient, which is described in detail in Chapter 5.4.2.1.

The resulting SNR of the �rst peak SNRC1 ≈ 20.3 at tC1 indicates a clean signal, and the second peak at
tC2 still has a decent SNRC2 ≈ 7.4, despite its lower laser pulse amplitude. Both peaks are followed by
a strongly dampened oscillation, which has a �rst negative peak with approximately half the amplitude
of the peaks at tC1 and tC2, respectively. The following peaks decrease drastically in amplitude and
are barely visible. In summary, a decent SNR of the main peaks is enabled by averaging over 100
measurements at each data point, but the uncertainty might be underestimated, for example due to
additional uncertainties from the laser jitter or a slow drift of beam parameters.

In Fig. 5.20, these experimental results are also compared to the EOS simulation from Chapter 5.3. The
simulation results are plotted twice: First with the Coulomb peak aligned at tC1 and second with the
Coulomb peak aligned at tC2 to enable a direct comparison of the simulated and measured EOS signal
shape. The major di�erence between simulation and experiment is the modulation amplitude of the
Coulomb peaks, which is approximately four times larger in simulation. To improve readability, the
EOS simulation and measurement are plotted on di�erent y-axes. The large amplitude deviation is
likely caused by multiple factors, which are discussed in the following paragraphs.

One likely reason for the amplitude deviation is an underestimation of the distance between the probe
laser in the EO crystal and the electron bunch. In simulation, the distance is de�ned by the position
of the probe laser in the crystal and the distance of the crystal to the electron bunch. The simulation
assumes a central position of the probe laser within the 10mm × 10mm cross-section of the crystal,
and a crystal distance of 2mm. Hence, a total distance of d = 10mm/2 + 2mm = 7mm is assumed.
However, the position of the probe laser in the crystal is not known precisely in the experiment. If, for
example, the laser is positioned 3mm further away from the beam, it would approximately halve the
modulation, because the electric �eld amplitude scales with 1/d2.
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Additionally, a part of the deviation is caused by the transverse charge distribution of the real electron
bunch. The simulation assumes a line charge density along the trajectory of the bunch, with no
transverse spacial extent. For probe points close to the beam with a distance in the order of the
transverse bunch size, this line density approximation overestimates the electric �eld strength at the
probe point. The magnitude of this e�ect depends on the transverse shape of the electron bunch. For
the EOS measurements, the horizontal beam size had been minimized to allow small distances between
the crystal and the beam. The resulting transverse pro�le was often elongated in the vertical dimension,
similar to the shape presented in Fig. 5.10. The beam screen readout was not calibrated for transverse
charge distribution measurements and only enables a very rough estimation.

To get an idea of the order of magnitude of the e�ect, the transverse shape is approximated as a
one-dimensional �at-top distribution along the vertical axis. A sum of two Gaussian distributions with
σ = 1mm, separated by a distance of 2mm is used to approximate the �at-top charge distribution.
A Monte-Carlo simulation was set up to determine the electric �eld strength at a probe point with a
horizontal distance of 7mm to the charge distribution center (resembling the probe laser). The results
revealed that the electric �eld strength decreased by ∼6 % with the �at-top distribution compared to a
point charge at the same distance. Thus, the e�ect of the transverse charge distribution in the EOS
experiment is expected to have a similar order of magnitude.

An additional decrease in the EOS modulation amplitude in the experiments is caused by additional
re�ections of the electric �eld before it enters the crystal. For example, if there was air trapped between
the prism and the crystal, the additional change of the refractive index would lead to re�ections at the
borders, leading to a reduced Coulomb �eld strength in the crystal. Small air gaps between prisms
and crystal are likely for the EOS prototype, because it was designed to support changing the EO
crystal in the crystal holder and therefore account for small manufacturing errors of di�erent crystals.
Furthermore, the materials of the prism and crystal are idealized in simulation, hence additional
absorption or re�ections from the materials might add to a reduction of the Coulomb �eld transmission
to the crystal.

Despite the large amplitude deviation, the width of the two main peaks FWHMC1 ≈ (68 ± 12) ps,
FWHMC2 ≈ (42±12) psmatch the width of the simulated Coulomb peak (FWHMsim ≈ (55±12) ps)
within the uncertainty of the measurement. However, the uncertainty is large, due to the low sampling
rate of only 3 peaks within the FWHM. The following oscillation after the main peaks follows a similar
shape as the wake �eld in the simulation, with a strong negative peak �rst and strong dampening of
the following oscillations. Overall, the dampening appears stronger in the measurement, because in
contrast to the simulation, the second negative peak is not visible anymore.

In summary, the �rst EOS measurement revealed two bunch-induced signals, which match the expected
intra-bunch spacing. In comparison to simulation, the modulation amplitude is drastically reduced,
but the general shape of the Coulomb peak and following wake �eld match the expectation. To
further increase con�dence that the signal corresponds to the desired bunch-induced signal, follow-up
measurements were conducted.

5.5.2 Measurement at inverse working point

Inverting the working point to ϕ ≈ 0◦, θ ≈ −15◦ is expected to invert the bunch-induced modulation. If
the signal does not invert, or if it changes in unexpected ways, it likely did not originate in a polarization
change of the probe laser in the EO crystal. Thus, this measurement serves as a simple method to check
for unintended signal sources, for example cross-talk from klystron signals, or other electrical sources
that are also synchronized with the electron bunch arrival time.
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Figure 5.21: Overview of the relative laser pulse am-
plitude deviation from an EOS measurement. The
EOS working point is inverted compared to the pre-
vious EOS measurement in Chapter 5.5.1.1, which is
expected to invert a bunch-induced modulation. The
generally lower deviation amplitude is likely cause by
a lower bunch charge and increased distance between
the crystal and the bunch center. This overview re-
veals a modulation of peak 2, which roughly matches
the expected signal. The modulation is investigated
in more detail in Fig 5.22.
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Figure 5.22: Modulation of peak 2 compared to the
average of peak 1 and 3 from an EOS measurement.
In comparison to the modulation in the previous mea-
surement (Fig. 5.20), it shows similar features, but with
opposite sign. Since the working point was inverted,
the corresponding signal inversion con�rms the origin
of the modulation in a change of the laser polarization,
instead of accidental pickup of electrical noise. (Also
presented in Ref. [1, 2])

The measurement with inverted working point was performed several hours later and after a full restart
of CLEAR, due to a combination of issues with the machine as well as with the EOS measurement
procedure. Because of ongoing issues with the transport of the electron bunches at the whole length of
the CLEAR beamline, the bunch charge of all three bunches was limited to approximately 0.77 nC at the
in-air test stand. A slightly wider transverse beam size also required a slight increase in the distance of
the crystal to the beam center from 2mm to 2.5mm. Besides these di�erences and the inverse working
point, the same measurement principle was applied with 100 samples per delay step.

A �rst overview of the relative deviation of three recorded peaks from laser pulses on the photodiode are
presented in Fig. 5.21. The plot reveals a modulation in peak 2, consisting of two prominent minima at
tC1 ≈ −233 ps and tC2 ≈ −916 ps with amplitudes of approximately −2.4 % and −3.0 %, respectively.

Figure 5.22 presents the modulation of peak 2 with reduced uncertainty, due to averaging over peak 1
and peak 3 as reference. The most prominent features are two minima, with a decent SNRC1 ≈ 12 and
SNRC2 ≈ 7. The two minima at tC1 and tC2 are close to the positions of the maxima from the previous
measurement and with similar width of FWHMC1 ≈ (76 ± 12) ps, and FWHMC2 ≈ (46 ± 12) ps.
However, the SNR of these minima is lower, and the absolute modulation amplitude is approximately
50 % smaller than the maxima from the previous measurement. The source of this deviation is not
known, but due to the restart of the CLEAR accelerator, it is likely caused by a combination of lower
bunch charge, increased distance of the crystal to the bunch center and a di�erent transverse bunch
shape.

Overall, this EOS signal has a similar shape compared to the previous measurement, with the exception
for the opposite modulation polarity. Hence, the inverse working point also inverted the signal, which
excludes the signal origin to be from any synchronized electrical noise and increases the con�dence
that it is a bunch-induced EO signal.
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(a) Relative laser pulse deviation during delay scan
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(b) Schematic overview of the laser pulse and electron bunch arrival time

Figure 5.23: Relative deviation of the recorded laser pulses during the EOS measurement with 23 micro-bunches
per train (a) and corresponding schematic of their arrival time (b). The plot reveals bunch-induced modulation of
peak 4 and peak 5, highlighted by a surrounding dashed ellipse and annotated as A, B and C. The occurrence of
the modulation in these two laser peaks matches the expectation, because the total time span of the bunch trains
is slightly longer than the spacing between two laser pulses.

5.5.3 Modulation of two subsequent laser pulses

To get an additional con�rmation that the timing calculations are correct, and that multiple modulated
pulses can be detected, an additional EOS measurement with 23 consecutive bunches per train was
conducted. The resulting total time span of one bunch train is ∼14.7 ns, which guarantees that two
consecutive laser pulses (with ∼13.3 ns spacing) experience an EO modulation during the delay scan
over 1 ns.

This measurement was taken a couple of hours after the �rst successful EOS measurement (see Chap-
ter 5.5.1.1, with a restart of the CLEAR accelerator in-between. The start-up required tweaking multiple
machine parameters to optimize the bunch charge at the in-air section, hence parameters like the
transverse bunch pro�le are di�erent and the status of the machine is not perfectly comparable to the
previous measurements. A total charge of the 23 micro-bunches approximately 12 nC was achieved,
hence resulting in an average bunch charge of 0.5 nC. The crystal distance to the beam center was set
to ∼2.5mm and the working point of the EOS experiment was set to ϕ ≈ 0◦ and θ ≈ 15◦.
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The timebase of the oscilloscope was extended to �t seven laser pulse peaks onto one waveform.
The large number of pulses was chosen to guarantee capturing both modulated pulses. Additionally,
the large number of reference pulses enables investigating the in�uence of the wake �eld or other
unintended signals on subsequent laser pulses.

Figure 5.23a presents the relative deviation of all seven pulses during the delay scan. Similar to previous
measurements, the step size of the delay scan is approximately 17.4 ps, and the average over 100 shots
was taken each time. The most prominent modulation peaks A and C are visible on laser peak 4 and
peak 5, both at a delay of approximately −907 ps with an amplitude of ∼3.55 % and ∼3.8 %. Peak 4
has the additional maximum B around −269 ps, but with a lower amplitude of ∼1.9 %. A schematic
overview of the corresponding laser pulse and electron bunch arrival times is presented in Fig. 5.23b.

The prominent modulation C of laser peak 5 likely corresponds to the bunch-induced modulation
from the last electron bunch of the bunch train, because the next bunch would be expected at −240 ps
(667 ps later), but no additional modulation is visible. Since peak 4 arrives ∼13.333 ns before peak
5, which is equivalent to the duration of 20 bunch-spacings, it is expected to have a bunch-induced
modulation for both peaks at the same time during the delay scan. The additional prominent modulation
B within the scan of peak 4 occurs at a relative delay of approximately 638 ps to the previous modulation
maximum A. Hence, the spacing of the maxima deviates from the expected 667 ps bunch spacing by
29 ps. Considering the low sampling rate with a step size of approximately 17 ps, this deviation is larger
than expected. It could be caused by errors in the movement of the delay stage, which is assumed to
have a constant step size. Additionally, the wake �eld of the previous bunch(es) could impact the shape
of the peak, e�ectively moving its maximum in the �nal measurement.

The modulation maximum B also only has approximately half the amplitude of the other two maxima,
which is not fully understood. It could originate in an overlap with the wake �eld of previous bunches
in combination with a lower bunch charge, since the individual bunch charge is not known.

In summary, the EOS measurement with 23 micro-bunches enabled to detect modulation peaks A, B
and C from multiple bunches during the delay scan of two subsequent laser pulses (peak 4 and peak
5). While the two maxima A and C match the expectation for a bunch-induced modulation, the scan
of peak 4 contains an additional modulation B, which deviates slightly from the expected signal. It
has a lower amplitude and slightly di�erent arrival time, which could hint at additional issues with
the arrival time estimation, a di�erent bunch charge, or interactions with the wake �eld of previous
bunches. Nevertheless, the occurrence of the modulation in the delay scans of two subsequent laser
pulses con�rms ability of the EO prototype to detect multiple electron bunches with short spacing.

5.5.4 Detailed scan

To reveal the shape of the bunch-induced modulation in greater detail, an additional EOS measurement
was performed with an increased sampling rate. The delay stage was moved in steps of 6.6 ps, and 100
measurements were taken each step. Due to the time constraints of the limited beam time, the total
scan range was reduced to ∼256 ps, resulting in a measurement duration of ∼47min. Three bunches
were used per train, which enabled to optimize the CLEAR beamline to achieve a total bunch charge of
approximately 3 nC (average of 1 nC per bunch) at the in-air test stand. The oscilloscope was set to
monitor three laser pulse peaks, where peak 2 is expected to have a bunch-induced modulation.

Figure 5.24 presents the modulation of peak 2, which is calculated by dividing the average amplitude
of peak 2 by the average amplitude of peak 1 and 3. The result shows a low SEM, resulting in a
decent SNR ≈ 20 of the maximum at tC1 ≈ −211 ps. The maximum reaches a relative modulation of

119



5 Prototype test at CLEAR

tC1

−300 −250 −200 −150 −100 −50 0

Delay (ps)

−5

0

5

10

M
o
d
u
la
ti
o
n
(%

)

← Experiment

−10

0

10

20

M
o
d
u
la
ti
o
n
(%

)

Simulation →
3.0

3.1

3.2

3.3

L
a
se
r
a
m
p
li
tu
d
e
(m

V
)

Figure 5.24: EOS measurement (orange circles) during a detailed delay scan with a step width of ∼6.6 ps and
corresponding simulation results (yellow crosses). The position of the maximum of the simulation data was
aligned to tC1, and is plotted on a separate y-axis to account for the higher amplitude and improve readability.
The experimental modulation is a result of a division of the average amplitude of the modulated laser pulse and
the average of two unmodulated pulses. The resulting SEM is drawn as error bars, but it is small and mostly
hidden behind the circular data markers. The color of the circular markers represents the average laser pulse
amplitude, which nearly constant during this short scan. The simulation captures roughly the appearance of the
measurement, but its simpli�cations result in an overall larger amplitude and di�erences in the periodicity and
decay of the wake �eld oscillation.

∼(8.3 ± 0.4) %, which is the largest measured modulation during the measurement campaign at CLEAR.
It has a width of FWHMC1 ≈ (43.6± 4.7) ps, which is calculated with linear interpolation between
the data.

In comparison to previous EOS measurements, the larger maximum amplitude is likely caused by a
combination of the high bunch charge and the high sampling rate, because a smaller step size increases
the likelihood of capturing the maximum of the signal. The width of the signal lies on the smaller end
of the range observed in previous measurements, but remains within the statistical spread. The general
shape of the signal, including the ringing of the wake �eld is consistent with previous experiments.

To revisit the comparison of experiment and simulation with improved resolution, Fig. 5.24 includes a
plot of an EOS simulation. The simulation follows the description of Chapter 5.3 and uses the same
parameters, but the sampling rate was adapted to the delay step size of 6.6 ps to match the experiment.
The increased modulation amplitude was discussed previously in Chapter 5.5.1.1, and is likely caused by
the assumption of a line charge density with no transverse extend in combination with simpli�cations
of material properties and geometry of the crystal and prisms.

The simulated peak at tC1 has a width of FWHM(sim)
C1 ≈ (54.9± 4.8) ps, which is slightly broader than

the measured signal. This small deviation could be caused by the uncertainty through the sampling
rate, and, for example, by the simpli�ed estimation of data acquisition bandwidth limits, However,
the �rst negative peak has a width of FWHM(sim)

C1 ≈ (61.0± 4.8) ps, while the measurement shows
FWHMC1 ≈ (80.6± 4.7) ps. In combination with a following, more pronounced, second maximum
in the simulation, the di�erences hint at a deviation of the simulated impedance compared to the
experiment. The bandwidth limit of the data acquisition acts similar to a moving average over the
original phase retardation (see Fig. 5.5), hence it obscures the underlying features of the original wake
�eld. As a result, the deviation of the peak width could be caused by di�erences in the impedance, for
example from details of the geometry or material properties of the experimental setup.
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In summary, the detailed scan highlights the bandwidth limitation of the data acquisition, but it hints
at an underlying deviation of the simulated impedance in comparison to the experiment. However,
the shape of the main peak is consistent with the simulated signal and further supports the proof-of-
principle of the EO prototype.
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The Future Circular Lepton Collider (FCC-ee) requires a bunch length monitor to assess the beam-
strahlung that impacts the energy spread and luminosity of the colliding electron and positron
bunches [8–10], to provide on-demand longitudinal bunch pro�le measurements for the commis-
sioning of the accelerator and to monitor the top-up injection of additional particles into the circulating
beam. As stated in the feasibility study report, the monitor needs to provide single-shot longitudinal
pro�le measurements of every bunch with a bunch length uncertainty of below 1% at a repetition
rate of up to 40MHz, enabling bunch-by-bunch measurements. The monitor needs to cope with a
wide range of bunch lengths over FCC-ee’s four distinct operation modes in the range of ∼2mm to
∼15mm (bunch duration of ∼6 ps to ∼51 ps) with high bunch charges of around 30 nC, while keeping
the impedance low to minimize the energy deposition in the electro-optical (EO) crystal and its e�ect
on particle beam dynamics.

This thesis evaluates the feasibility and presents a conceptual design for an in-vacuum EO longitudinal
bunch pro�le monitor to cope with the demanding requirements of FCC-ee. EO monitors are used in
a few linear accelerators as a custom, experimental diagnostic instrument, optimized for single-shot
high-precision bunch pro�le measurements at sub-ps bunch durations [26, 28, 29]. In contrast to EO
monitors aiming for measurements of short bunches, FCC-ee’s high bunch charge and wide range
of bunch lengths poses new challenges that require dedicated studies to assess its feasibility and to
develop a dedicated conceptual design.

To establish a fundamental understanding of the diagnostic principle and to provide a baseline for
further investigations, these studies of the EO monitor for FCC-ee have been grounded in experiments
with the existing EO monitor at Karlsruhe Research Accelerator (KARA) (see Chapter 3.1). The EO
monitor at KARA was the �rst to enable turn-by-turn bunch pro�le measurements at a synchrotron,
with a repetition rate of 2.7MHz [27, 33, 35]. While the existing setup provides a crucial reference for
low-charge, short-bunch regimes, a new comparative simulation procedure is presented in this thesis
that enabled studies of the EO monitor under FCC-ee’s beam conditions (see Chapter 4). To assess the
functionality of the new simulation procedure, the simulated electro-optical sampling (EOS) Coulomb
and wake�eld scans have been compared to KARA EOS measurements, showing a good agreement
of its main features. Simulations of the KARA EO monitor under FCC-ee’s beam conditions revealed
a major issue with the existing design of the in-vacuum crystal assembly, because the probe laser
pulses propagate twice, once upstream and once downstream, through the EO crystal. This causes a
signal interference that masks the encoded bunch pro�le, especially for the long particle bunches of
FCC-ees Z-operation mode. Hence, the design of the crystal assembly is not suitable for measurements
at FCC-ee.

This thesis mainly focuses on solutions for this major issue with the development of a new single-pass
design, in which the laser passes only once and in downstream direction through the crystal. A new
crystal assembly is proposed, containing two prisms attached to the up- and downstream faces of the EO
crystal to use total internal re�ection for guiding the laser pulses without blocking the particle bunch’s
electric �eld (see Chapter 4.3). Hence, it does not require coatings and maintains a compact size. To
cope with FCC-ee’s high bunch charge, the crystal is now positioned at the top of the FCC-ee vacuum
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chamber to increase the distance between the crystal assembly and the particle beam. Furthermore,
adjustments of the crystal thickness can be used to �ne-tune the balance between sensitivity and
resolution for FCC-ee’s four operation modes. Simulations have been conducted and con�rmed that the
novel prism-based design provides su�cient signal amplitude with a drastically reduced impedance,
hence suggesting its feasibility for FCC-ee’s beam conditions.

To experimentally evaluate the functionality of the new prism-based setup, a prototype of the EO
monitor’s interaction module has been built (see Chapter 5), which is adapted from the KARAmodule to
accommodate a prism-based crystal assembly. It has been tested with EOS scans at the in-air test stand of
the CERN Linear Electron Accelerator for Research (CLEAR) and complementary simulations, providing
a successful proof-of-principle of the prism-based crystal assembly. Thus, the new prism-based crystal
design provides a baseline to build towards a technical EO monitor design for FCC-ee.

An additional issue was revealed during EOS experiments at KARA, which featured a slow drift of
the baseline laser signal, that was suspected to correlate with the heat load on the crystal assembly.
A dedicated experiment has been conducted, which con�rmed a correlation between the crystal
assembly temperature and the signal baseline drift (see Chapter 3.1.4). As the drift originates in the
laser polarization and is very slow at KARA compared to the single-shot measurements at 2.7MHz
repetition rate, it can be mitigated by readjusting the EO monitor working point before the start of
an electro-optical spectral decoding (EOSD) measurement. As the heating is expected to be stronger
at FCC-ee, a low impedance of the crystal assembly is important to reduce the heat load, and further
studies are recommended to investigate mitigation strategies like automated working point adjustments
and thermal management.

For a future transition of the new conceptual EO monitor design to a corresponding technical design,
the EO detection technique (see Chapter 2.2.4) and its speci�c resolution with the prism-based crystal
assembly need to be evaluated. Past EO monitors have shown sub-picosecond resolution with uncer-
tainties of tens of femtoseconds [29], relying on a low-jitter laser synchronization. Due to the large
scale of FCC-ee and thus potentially long cables and �bers, the synchronization system and placement
of the EO monitor components at FCC-ee require additional investigations.
The repetition rate of EOSD bunch pro�le measurements is mainly limited by the spectrometer camera’s
frame rate, which achieved 2.7MHz at KARA [35, 72]. While a new camera version targets 12MHz [121],
achieving the desired 40MHz will require further R&D. Alternatives include splitting the laser signal
for multiple data acquisition systems, or deploying multiple EO setups.
Concerning the infrastructure requirements, the commissioning of an EO monitor at the linear acceler-
ator FLUTE and the experiments at CLEAR highlighted the importance for a reference signal of the
particle bunch arrival time. As the gap between bunches or bunch batches is often orders of magnitude
larger than the bunch and laser pulse length, the reference signal provides an important indicator to
synchronize the arrival time of the probe laser pulse and particle bunch (see Chapters 3.2.2, 5.4.6). As
FCC-ee has inter-batch durations of up to tens of microseconds [9], a reference signal is recommended
to be incorporated in future studies of the EO monitor’s infrastructure and placement.
Furthermore, the radiation load and radiation hardness of EO monitor components, in particular the
EO crystal, need to be studied and taken into account for its placement and for the laser transmission
from the EO laser system to the interaction module and detection system.

In conclusion, this thesis demonstrates the feasibility of an EO monitor for bunch pro�le measurements
at FCC-ee with the dedicated and newly developed prism-based concept to particularly enable measure-
ments at FCC-ee’s wide range of bunch lengths. The proposed compact, low-impedance conceptual
design provides the baseline for transitioning towards a technical EO monitor design closely tailored to
the unique demands of CERN’s large-scale future lepton collider.
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Acronyms

AOM acousto-optic modulator 39, 40, 125

BPM beam position monitor 14, 47, 48, 63, 64, 66, 90, 125

CERN CERN 90, 95, 102, 125
ChDR Cherenkov di�raction radiation 2, 28, 107, 125
CLEAR CERN Linear Electron Accelerator for Research i, 3, 22, 25, 26, 89–103, 105–109, 111, 113, 114,

117–120, 124, 125
compact TDS compact transverse de�ecting structure 62, 125
CSR coherent synchrotron radiation 13, 14, 36, 56, 125
CTR coherent transition radiation 107–110, 114, 125
CW continuous wave 64, 107–109, 125

DEOS diversity electro-optic sampling 25, 32, 125

EO electro-optical i, 1–3, 5, 10–14, 17–33, 35–49, 51, 52, 56–67, 69–75, 77, 79–86, 89–110, 113–119, 121,
123–125, 130, 131

EOS electro-optical sampling 5, 24–26, 31–33, 35–37, 41, 43, 46–49, 57, 58, 61, 63, 64, 66, 69, 71, 73–80,
85–87, 89, 90, 95–99, 101–105, 108, 110, 111, 113–120, 123–125

EOSD electro-optical spectral decoding 1, 5, 25–27, 31–33, 35–37, 41, 43, 46, 49, 51–56, 61–66, 69, 75–77,
79, 80, 99, 101, 124, 125, 129

EOSI electro-optic spectral interferometry 25, 32, 125
European XFEL European XFEL 17, 22, 125

FCC Future Circular Collider 125
FCC-ee Future Circular Lepton Collider i, 1–3, 5, 9, 11, 14, 17, 25, 32, 35, 45, 46, 49, 56, 57, 61, 62, 67, 69, 71,

79–86, 89, 91, 93, 94, 96, 99, 108, 113, 123–125
FCC-hh Future Circular Hadron Collider 1, 2, 125
FFT Fast Fourier Transform 54–56, 77–80, 85, 125
FLASH free electron laser in Hamburg 17, 22, 125
FLUTE Ferninfrarot Linac- und Test-Experiment 22, 25, 26, 35, 61–63, 65–67, 124, 125
FWHM full width at half maximum 28, 39–41, 52, 65, 97, 99, 100, 111, 116, 117, 120, 125, 129

GaAs gallium arsenide 29, 125
GaP gallium phosphide 18–20, 23, 28–31, 43, 44, 59, 66, 82, 87, 94, 125
GHC global hybrid correction 125

ICT integrating current transformer 64, 90, 125
InGaAs indium gallium arsenide 46, 63, 125
IP interaction point 125
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Acronyms

IR infra-red 125

KALYPSO Karlsruhe line array detector for MHz-repetition rate spectroscopy 33, 37, 43, 46, 49, 50, 52, 53, 63,
125

KARA Karlsruhe Research Accelerator i, 1, 3, 5, 6, 9, 11, 14, 17, 22, 24–26, 33, 35–40, 42–49, 52, 53, 56–59,
61–66, 69–71, 73–80, 82–85, 87, 90, 91, 93, 94, 105, 123–125

KIT Karlsruhe Institute of Technology 1, 33, 35, 37, 46, 62, 90, 91, 102, 125

LiNbO3 lithium niobate 108, 125

OTR optical transition radiation 125

PBS polarizing beam splitter 23, 38, 43, 44, 59, 74, 87, 92, 100–102, 125, 131
PD photodiode 25, 26, 37, 42, 47, 62, 77, 87, 125
PID proportional-integral-derivative 42, 100, 125
PLL phase-locked loop 42, 43, 51, 63, 125
PM polarization-maintaining 36–39, 41, 43, 62, 63, 90, 99–101, 103, 106, 125
PSF point spread function 125
PSI Paul Scherrer Institute 37, 125

RF radio frequency 3, 6–10, 12, 13, 36, 39, 40, 42, 62, 65, 66, 99, 100, 106, 107, 109, 110, 114, 125, 130
RMS root mean square 12, 27, 52, 54, 108, 110, 125, 130
ROI region of interest 50–54, 65, 66, 125

SEM standard error of the mean 51, 66, 102, 111–113, 115, 119, 120, 125
Si silicon 46, 125
SM single-mode 36, 37, 44–46, 62, 63, 92, 102, 103, 125
SNR signal-to-noise ratio 46, 49, 63, 64, 89, 98, 101, 106–108, 113–115, 117, 119, 125
SR synchrotron radiation 82, 125

TIR total internal re�ection 93, 94, 125
TO transverse optical 28, 29, 125
TR transition radiation 106, 107, 125

VLD visible light diagnostics 125
VM vector modulator 43, 51, 125

WCM wall current monitor 90, 125

XRD X-ray di�raction 95, 125

YAG yttrium aluminium garnet 104, 125
Yb Ytterbium 38–40, 125

ZnTe zinc telluride 18–20, 28–31, 94–96, 98, 125
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Symbols

Sign Description Unit

B⃗ Magnetic �eld B
BG Background data
BW bandwidth, typically 3 dB bandwidth. Hz
c Speed of light in vacuum m/s
D Dispersion of a particle in a synchrotron m
d Crystal thickness m
D2 group delay dispersion Hz

E⃗ Electric �eld V/m

E⃗ Electrical �eld V/m
E Electric �eld strength V/m
EW Wake �eld V/m
f Frequency Hz
FCen Centripetal force N
FL Lorentz force N
FWHM Full-width-half-maximum (full width at half maximum

(FWHM))
h Harmonic number (integer)
I Current A
K Kinetic energy eV
kpt Pixel-to-time calibration factor for the EOSD spectrometer ps/pixel
L Orbit length of a particle in a synchrotron m
L0 Orbit length of the reference particle in a synchrotron m
∆L Orbit length di�erence to the reference orbit m
M Modulation %
m Rest mass kg
MD Modulated data
n Refractive Index
p Momentum of a particle kgm/s
p0 Momentum of the reference particle kgm/s
∆p Momentum di�erence to the reference particle kgm/s
PSR Power of synchrotron radiation in a circular accelerator W
q Electrical charge C
R Radius of circular trajectory m
r⃗ = (x, y, z) Coordinate vector in a Frenet-Serret coordinate system (m, m, m)
S Impermeability tensor
s Path of the reference orbit m
SNR signal-to-noise ratio
T Revolution time of a particle in a synchrotron s
T0 Revolution time of the reference particle s
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Symbols

Sign Description Unit

Tb Time that a particle takes in a bending section within one
turn

s

∆T Revolution time di�erence to the reference particle s
U Electric potential energy J
UD Unmodulated data
V Voltage V
v Velocity m/s
VRF Voltage of the accelerating �elds in the radio frequency

(RF) cavity
V

VW Wake potential V
∆WSR Energy loss per turn due to synchrotron radiation eV

αc Momentum compaction factor
β Relativistic velocity parameter de�ned as β = v

c
ε0 Vacuum permittivity Fm−1

η Phase slip factor
Γ Phase retardation rad
γ Lorentz factor
γt Lorentz factor at transition energy
λ Wavelength m
Ω Synchrotron frequency Hz
ϕ Angle of λ/4 waveplate. Part of the EO working point. °

ψS Synchronous phase of the reference particle deg
ψ Phase of the accelerating �eld in the RF cavity deg
σE RMS energy spread of a particle bunch eV
σp RMS momentum spread of a particle bunch kgm/s
σz RMS longitudinal length of a particle bunch m
τ Describes the temporal resolution. Typically the root mean

square (RMS) value.
s

θ Angle of λ/2 waveplate. Part of the EO working point. °

E Total particle energy eV
ES Total energy of the synchronous particle eV
I Intensity W/m2

r Pockels coe�cient tensor
s Kerr coe�cient tensor
W Wake function V/C
Z Impedance Ω
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Glossary

chirp The chirp of a laser pulse describes a change of the wavelength over the duration of the pulse.
E.g. a linear chirp refers to a linear correlation between the wavelength and the temporal pro�le
of the pulse. 36, 125

coefficient of determination The coe�cient of determination is a quantity to evaluate the goodness

of �t. It is de�ned as R2 = 1−
∑

i(yi−ŷi)
2

∑
i(yi−ȳ)2

, with observed values yi, model predictions ŷi and the

mean of the observed data ȳi. It describes the fraction of how much the variance of the data is
captured by the �t (perfect �t: R2 = 1). 25, 52, 83, 125

polarization analyzer A series of a λ/4 and λ/2 waveplate, followed by a polarizing beam splitter
(PBS). It enables the conversion of a polarization modulation of a laser pulse into an intensity
modulation, and is used in the EO monitor. Its initial setting of the waveplate angles ϕ and θ
determines the working point of the EO system. ϕ, θ = 0◦ is de�ned by the crossed con�guration,
where the transmitted laser power is minimized through the analyzer. 23, 25, 36, 37, 43, 44, 58–60,
69, 74, 91, 92, 104, 105, 125, 131

symlog A modi�ed logarithmic scale, which depicts negative values x as − log(|x|). Additionally, it
switches to a linear scale for values close to x = 0. 15, 16, 125

working point The working point of the EO setup is de�ned by the angle ϕ of the λ/4 wave plate
and θ of the λ/2 wave plate in front of a PBS from the polarization analyzer (see Fig. 2.10). Its
setting has a crucial impact on the modulation amplitude (see Chapter 2.2.3). 23–25, 43, 44, 48,
49, 51, 57, 59–61, 63, 69, 74, 75, 77, 78, 80, 83, 87, 91, 97, 102, 104–106, 124, 125, 130, 131
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