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Abstract

In this thesis, it is shown that ocean-generated microseism significantly impacts the
synchronisation performance of the European X-ray free-electron laser (XFEL), which
is based on a high-energy linear accelerator. Using superconducting technology, it gen-
erates hard X-ray pulses at megahertz frequencies. Arrival time stability refers to the
precision and consistency of the timing of the X-ray pulses, ensuring that they arrive
at the target with minimal variation in their temporal alignment. Ocean-generated mi-
croseism is low-frequency seismic noise caused by the interaction of ocean waves with
the seabed. Distributed acoustic sensing (DAS) is a technology that turns optical fibres
into a sensor array for monitoring acoustic signals along their length. By measuring tiny
changes in light reflection caused by acoustic disturbances, DAS can provide real-time
information about vibrations over long distances.

Notably, the bunch arrival time monitors (BAM) show noise between 0.05Hz and
0.5 Hz, which has a significant impact on the arrival time stability at European XFEL.
The impact can be more than 25 fs peak-to-peak. By correlating European XFEL bunch
arrival time data with seismic DAS measurements, it is shown that the noise is of seismic
origin. Next, both primary and secondary ocean-generated microseism were identified
using seismometers and a numerical ocean wave model. Whereas secondary microseism
has a strong impact on the bunch arrival time, primary microseism has no notable effect.
This is attributed not only to the smaller amplitudes of secondary microseism but also
to the fact that primary microseism has a higher Love wave to Rayleigh wave ratio. The
effect on the bunch arrival time is caused by Rayleigh waves, while Love waves have a
negligible influence on the bunch arrival time. In the presented cases, the noise originates
from the North Atlantic and/or the North Sea. The amplitude of the noise depends on
the weather conditions in the North Sea and the North Atlantic and is generally much
stronger in winter. In conclusion, this work shows that ocean-generated microseism is a
significant bottleneck that must be addressed to achieve femtosecond bunch arrival time
stability.
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1 Introduction

The European X-ray free-electron LASER (XFEL) generates bursts of up to 2700 ultra-
short X-ray flashes every 100 ms, with a brilliance that is a billion times greater than
conventional X-ray sources. This facility opens up unprecedented research opportunities
for scientists and industrial users (Altarelli et al. 2006). The European XFEL is located
in underground tunnels stretching more than 3km from the DESY site in Hamburg.
The facility, which is part of a collaboration among twelve countries, is operated by
European XFEL GmbH. The European XFEL accelerates electrons to nearly the speed
of light and then sends them through undulators. Undulators are alternating magnets
that force the electrons to oscillate, resulting in the emission of exceptionally short and
intense X-ray flashes. This process is called self-amplified spontaneous emission (SASE),
creating flashes with LASER properties (Geloni et al. 2010). Meaning that the light is
polarised and has a narrow frequency band (monochromatic), high phase coherence,
and high directionality. These LASER X-ray flashes enable unique experiments such as
hologram recording. Although FELs of similar size exist in Japan and the USA, the
European XFEL is unique because of its superconducting accelerator. This allows for
the creation of bunches at a much faster rate, which is a decisive advantage for a wide
range of experiments (DESY 2023).

The European XFEL is an important tool for conducting pump-probe experiments,
which are used to study ultrafast phenomena such as atomic motion. An ultrashort
LASER pulse excites the sample, followed by another LASER pulse that captures the
response of the sample. Combining several measurements can provide insights into fast
molecular processes, such as biological or chemical reactions that take place within a
few femtoseconds (Palmer et al. 2019). As the demand for higher spatial and temporal
resolution in these experiments increases, there is a growing need to improve the temporal
stability of the X-ray flashes (Bock 2013).

The European XFEL generates bursts of intense X-ray flashes. Bursts, also called
bunch-trains, are created at a rate of 10Hz. Within a burst, up to 2700 bunches of
electrons can be generated at a rate of 4.5 MHz, resulting in a maximum bunch-train
duration of 600ps (Czwalinna et al. 2021, Palmer et al. 2019). Ensuring that these
bunches arrive at exactly 4.5 MHz with low jitter within a bunch train is called bunch
arrival time stability (Schulz et al. 2019), which is a critical property of the XFEL. The
present work aims to investigate potential improvements of this property. Accelerator
synchronisation, such as bunch arrival time stability, has enabled remarkable progress
over the past few decades. In 2000, synchronisation reached an accuracy of 1ps. By
2010, this accuracy was improved to 100 fs femtoseconds and by 2020, synchronisation
reached 10fs (Schulz et al. 2019). Projecting this trend into the future, the next goal is
to reach a level of 1fs by 2030.



Five main areas for reducing bunch arrival time jitter have been identified (H. Schlarb
2023). The first is to improve the existing electron beam stabilisation. Accordingly, a
new generation of bunch arrival time monitors (BAM) is under development. Second,
the pump-LASER system introduces jitter, which can be compensated using LASER-
pulse arrival time monitors (LAM) and fast feedback mechanisms (Czwalinna et al.
2021). Third, drifts occur in the optical reference system. Fourth, drifts that are caused
by tidal effects. Fifth, a prominent noise peak is often observed in the 0.05 to 0.5 Hz
frequency band. This disturbance has varying intensity and the frequency spectrum
varies within the 0.05 to 0.5 Hz band. Similar characteristics have been observed in
ocean-generated microseism (Longuet-Higgins 1950, Becker et al. 2020, Ardhuin et al.
2015). This thesis aims to investigate this noise band and determine its relation to ocean-
generated microseism to gain a deeper understanding of the mechanism and explore ways
of reducing the impact of ocean-generated microseism on experiments at the European
XFEL, which is necessary to reach the 1fs goal.



2 Background

This chapter provides an explanation of seismic waves, ocean-generated microseism, dis-
tributed acoustic sensing (DAS), the European XFEL, its BAMs, and the dCache storage
system. Starting with basic theory, the chapter explains the theory of elastic wave prop-
agation and introduces the four different types of waves that propagate in the Earth’s
crust. Moving on to known information on ocean-generated microseism. This is followed
by a discussion of DAS, explaining its operating principles and its unique ability to turn
an optical fibre into an array of virtual sensors for seismic monitoring. Next, the chapter
examines the European XFEL, a free-electron laser, that is a collaborative effort among
European countries to establish a state-of-the-art facility for X-ray research. This is fol-
lowed by an explanation of the European XFEL’s BAMs. These monitors play a crucial
role in stabilising the arrival time of electron bunches, offering few-femtosecond resolu-
tion and serving as an indispensable component for a wide range of experiments where
precise timing is paramount. Finally, the chapter introduces dCache, a high-performance
distributed storage system that is essential for efficiently managing and storing the vast
amounts of data generated by experiments and research activities. Overall, this chapter
sets the stage for understanding the context of the following sections.

2.1 Seismic waves

There are two categories of waves to be expected in solid materials. Body waves, which
propagate through solid volumes and surface waves, which propagate along free surfaces.
These include compressional and shear waves (Figure 2.1). Because compressional waves
travel faster than shear waves and arrive first, they are often called primary or P waves,
whereas the later-arriving shear waves are called secondary or S waves.

However, when free surfaces exist in a medium, there can be two types of surface
waves that can propagate along the Earth’s surface: Rayleigh waves and Love waves.
Love waves are purely horizontal motions perpendicular to the direction of propagation,
whereas Rayleigh waves contain both vertical and radial motions. They differ from body
waves in many aspects: their velocities are strongly frequency dependent, they generally
travel more slowly, their amplitude is smaller, and decays less with distance. After large
earthquakes, Surface waves are generally the strongest arrivals recorded at far distances
and can be observed for many hours, during which time they circle the Earth several
times (Anderson et al. 2007). Surface waves and normal modes are generally observed
with periods longer than about 10s, in contrast to the much shorter periods seen in many
body wave observations. Furthermore, Rayleigh waves are generally radially polarised
and exist in any free surface, whereas Love waves are transversely polarised and require



an increase in velocity with depth in the medium (Shearer 2019).
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Figure 2.1: Displacements resulting from a harmonic plane P-wave (top) and S-wave
(bottom) propagating horizontally across the page. The propagation of the
S-wave is a pure shear with no change in volume, whereas the P-wave
involves both volume change and shear of the material. (Shearer 2019)
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Figure 2.2: Fundamental displacements of Love (top) and Rayleigh (bottom) surface
waves propagating horizontally across the page. Love waves are purely
horizontal motions perpendicular to the direction of propagation, whereas
Rayleigh waves contain both vertical and radial motions. In both cases, the
amplitude decreases with depth. (Shearer 2019)



2.2 Ocean-generated Microseism

Even in the absence of earthquakes, there is continuous seismic noise, which is called
microseism. Noise levels vary considerably at different locations and frequencies. In
many scenarios, there is a significant peak between frequencies of 0.125Hz to 0.2 Hz,
dominating the frequency band below 1 Hz (Figure 2.3). This is strongest along the
coast and is weaker near the centre of continents, suggesting that it is generated in the
oceans. However, since the typical frequency of water waves in the ocean is about half
the frequency of the main microseismic peak, the physical mechanism that generates
these waves has not been understood for many years (Shearer 2019). The main peak
in the microseism frequency band results from standing waves generated in the ocean
by the superposition of ocean waves with different directions, which is referred to as
secondary microseism (Longuet-Higgins 1950). Source regions of secondary microseism
are often observed near the coast, due to the reflection of incoming ocean waves at the
shore, and less frequently in open water locations.
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Figure 2.3: Measured vertical acceleration spectra of individual seismic stations
worldwide, during periods without earthquakes. There is a prominent
microseism peak between 0.12Hz and 0.2 Hz, with a weaker peak around
0.07 Hz. The noise levels are significantly lower in the range of 0.005 Hz to
0.05Hz. (Shearer 2019, Astiz 1997)

In contrast, primary microseism has the same frequency as the ocean waves that cause
it and is generated by the contact of ocean waves along a rising seabed (Ardhuin et al.
2015). Consequently, primary microseism is also typically generated near the coast or in
shallow water regions (Nishida et al. 2008). The amplitudes of primary microseism are
usually orders of magnitude smaller than those of secondary microseism (Shearer 2019),



but due to the long wavelengths of primary microseism and the resulting low attenuation
with distance, it can also be recorded globally.

At the seismic station on Helgoland primary and secondary microseism can be ob-
served with a strong correlation to the local wave heights and frequencies. This mi-
croseism, which is most prominent in proximity to coastlines, is therefore called local
microseism (Becker et al. 2020). While the local secondary microseism is usually very
strong and easy to identify, local primary microseism is sometimes overlaid by microseism
from other locations like the North Atlantic. The observed local primary microseism was
measured with a higher horizontal-to-vertical ratio than the secondary microseism, which
indicates a low contribution of Rayleigh waves (Becker et al. 2020). Local secondary mi-
croseism is particularly prominent in the 0.3Hz to 1.0 Hz range (Figure 2.4) near the
coast, and decays rapidly with distance (Chen et al. 2011).
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Figure 2.4: Seismometer average spectral amplitudes of the vertical, north, and east
components of the HLG station on Helgoland, obtained at 2 h intervals
from 2004 to 2019. Comparison of median, 10th, and 90th percentiles of
the three components. The Peaks, observable in the vertical component
below 0.1 Hz are primary microseism. At 0.17 Hz is secondary microseism
and at 0.5 Hz is local microseism. (Becker et al. 2020)

The frequency of ocean waves depends on a number of factors. The strength of the
wind is an important factor: Stronger winds, especially long periods of strong winds
result in a lower frequency of ocean waves. Ocean wave frequency is also reduced by the
size of the uninterrupted ocean surface, which allows the wind to travel long distances
unhindered (Bretschneider 1959). In summary, smaller seas such as the North Sea are
expected to have higher ocean wave frequencies than large open oceans (Becker et al.
2020).

Ocean-generated microseism is dominated by surface waves, including Love and Rayleigh
waves, which propagate along the Earth’s surface. Body waves, such as primary and
secondary waves, have a minor role in the generation of ocean-generated microseism

(Juretzek & Hadziioannou 2016).



The different generation mechanisms of primary and secondary microseism affect the
expected ratio of Love to Rayleigh waves and consequently the amplitude ratio of hor-
izontal to vertical components. Primary microseism exhibits significant and sometimes
dominant contributions from horizontally polarised Love waves (Nishida et al. 2008),
with the result that the horizontal component is often stronger than the vertical compo-
nent. Conversely, the generation mechanism of secondary microseism favours the pro-
duction of Rayleigh waves, resulting in a stronger vertical component (Longuet-Higgins
1950).

2.3 Distributed Acoustic Sensing (DAS)

Distributed acoustic sensing (DAS) allows seismic signals to be recorded along tens of
kilometres of optical fibre and over a wide frequency range from below millihertz up
to 50 kilohertz (Li et al. 2022). The basic principle of DAS (Figure 2.5 and 2.6) can
be broken down into simple steps. Initially, a laser pulse is directed into an optical
fibre. As the pulse travels, part of it is backscattered throughout the fibre by Rayleigh
backscattering. The backscattered signal is split into two. One signal is delayed by a
delay line of a certain length, known as the gauge length, which is 10 m in our particular
setup, whereas the other signal is not delayed. The delayed- and the undelayed signals
are signals that have been backscattered at two different distances. When the two signals
are combined, their interference causes the phase shift between these two signals to be
modulated into an amplitude. This amplitude is then sampled. As a result, the time
difference between the emission of the laser pulse and the moment of sampling is directly
proportional to the distance along the fibre, while the amplitude provides information
about the strain over the specified gauge length at the given distance. For a more
detailed description of DAS refer to (Li et al. 2022) or (Hartog 2017).

Distributed Acoustic Sensor (DAS)

Optical fiber
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=

Light pulse propagating
through the fiber \

ﬁ.,_ea

Optical phase shift between beginnin'gm“'~
and end of pulse

L amre s = o R 0

A

Figure 2.5: The figure shows a DAS device, an optical fibre, a light pulse, the acoustic
field straining the fibre, the backscattered light, and the optical phase shift
of the backscattered pulse. (Li et al. 2022)
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Figure 2.6: Illustration of the measurement principles as well as the gauge length along
a fibre and the principal structure of the interrogator. (Naldrett et al. 2018)

DAS has several unique characteristics that differ from those of seismometers. Seis-
mometers typically measure ground motion in terms of velocity, acceleration, or dis-
placement along three orthogonal axes. This triaxial measurement provides detailed
information about the direction and intensity of seismic waves at a specific point. In
contrast, DAS uses fibre optic cables as sensors and measures strain only along the fibre.
This allows DAS to turn the entire fibre into an array of virtual sensors, enabling the
continuous monitoring of large areas with high spatial resolution. While seismometers
excel in precisely capturing ground motion at specific points, DAS offers the unique
ability to detect small changes in strain over long distances.

2.4 European XFEL

A breakthrough in the field of particle accelerators are X-ray free-electron lasers (XFELs),
which provide ultra-bright, coherent, and ultra-short X-ray pulses. The free-electron
laser facility European XFEL went into operation in 2017. It uses superconducting cav-
ities that allow for the acceleration of many electron bunches at megahertz rate within a
pulse (Decking et al. 2020). The European XFEL represents a collaborative effort among
multiple European countries to establish a state-of-the-art facility for cutting-edge X-ray
research.
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The European XFEL consists of four sections (Figure 2.7): The injector, the main
linear accelerator (LINAC), the undulator(s), and the experimental beamlines. The
injector emits electron bunches and accelerates the beam to 130 MeV. At that energy,
the electron bunches are already ultra-relativistic, as they travel at 99.9992% of the
speed of light in vacuum. The main LINAC has a length of 1.5km and accelerates
electrons to energies of up to 17.5GeV. As the electron bunches are already ultra-
relativistic before they enter the main LINAC, the speed of the particles barely changes.
These accelerated electron bunches are then passed through an undulator, where the
electrons travel through an alternating magnetic field, which causes the electrons to
emit photons (hard X-ray radiation with a typical wavelength of 0.1 nm). The process in
the XFEL’s undulator is called Self-Amplified Spontaneous Emission (SASE) (Elleaume
et al. 2000) (Geloni et al. 2010). Ultimately, these ultra-intense and ultra-short X-ray
photon bunches arrive in the experimental hall and are focused on the sample. Large
2D detectors are used to record the diffraction pattern, for the reconstruction of the
structure of large molecules. This way, movies of chemical processes can be captured
and analysed. Fast evolutionary experiments are typically carried out in pump-probe
arrangements, where external short-pulsed lasers are used to initiate the process, which
is then probed by the X-ray pulses.

Experimental Hall (1) Possible future extension (2)
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Distribution
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Figure 2.7: Schematic layout of the main components of the European XFEL Facility.
(Altarelli et al. 2006)

The European XFEL generates bursts of intense X-ray flashes. These bursts are also
called bunch trains, and the European XFEL generates ten bunch trains per second.
Within a bunch train, there can be up to 2700 bunches at a rate of 4.5 MHz, resulting
in a maximum bunch train duration of 2700/4.5 MHz = 0.6 ms (Czwalinna et al. 2021)
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(Figure 2.8). That bunches arrive with low timing jitter is referred to as bunch arrival
time stability (Schulz et al. 2019). A good bunch arrival time stability enables higher
temporal resolution experiments and is, therefore, an important property for an XFEL.
This work aims to enable further improvement of the bunch arrival time stability.

100 ms (1 /10 Hz)

< >

600 ps (2700 Bunches) .~ 99.4 ms -

<« > < >

222 ns (1/4.5 MHz) 222 ns
N
»
Time
Bunchtrain Bunch

Figure 2.8: Electron bunch time pattern with 10 Hz repetition rate and up to 2700
bunches in a 0.6 ms long bunch train. The electron bunches within a train
have a repetition rate of 4.5 MHz. The length of an electron bunch is
roughly 200 fs and the non-linear FEL process reduces the duration of a
photon pulse to about 100fs. (Czwalinna et al. 2021)

2.5 Bunch Arrival Time Monitor (BAM)

Along the European XFEL, several monitors called bunch arrival time monitors (BAMs)
allow the non-destructive measurement of the arrival time of each individual electron
bunch with a resolution of a few femtoseconds. The signals from the BAMs are used for
slow and fast feedback loops that stabilise the arrival time of the electron bunches at
the end of the accelerator (Schulz et al. 2019). This level of control is essential for the
success of a wide range of experiments where even the smallest timing deviations affect
the results, making BAMs an indispensable component of accelerator operation.

Here is a brief explanation of how BAMs work (Figure 2.9):

1. An RF antenna picks up the electric field of a traversing bunch and generates a
voltage transient with a steep slope in the order of 100 mV /ps.

2. An electro-optical intensity modulator (EOM), based on a Mach-Zehnder type
interferometer modulates the voltage transient to optical amplitude with the help
of a precisely stabilised optical reference.

3. Analog-digital sampling: Sampling of the optical signal from the EOM and subse-
quent calculation of the peak amplitudes.

13



4. Calculation of the timing of each bunch relative to the optical reference using the
peak amplitudes.

In the following each step is described in detail.

Mach-Zehnder

Modulator
—_— Optical Fiber
Laser — —> < ; > e —_— —_—
Fr > —

ym optical reference

‘ Photodiode
216MHz rep. rate

1
4
|
Applied Voltage
(DC Bias + RF Modulation)

RF Pickup
>40GHz

Figure 2.9: Working principle of a BAM. At the bottom is a photograph of the RF
pickup unit. The beam passes through the RF pickup, which then
generates a voltage transient. An electro-optical modulator modulates the

transient into an optical amplitude. This is then converted into a voltage
by a photodiode. (Angelovski et al. 2015)

1. The RF front end has four pickup antennas, symmetrically mounted onto a metal
ring (Figure 2.9). The antennas are located inside the vacuum beam pipe. Their elec-
trical signal is fed into the RF cables via vacuum feed-throughs. The signals from two
opposing pickups are combined by using precisely lengthened cables and power com-
biners. By combining the signals from two opposing pickups, the orbit dependency of
the arrival time measurement is significantly reduced (Lohl 2009). The signals from the
vertical plane are used as a fine channel since the orbit fluctuations of the electron beam
are less pronounced in this direction. The combined pickup signal from the horizontal
plane is used as a coarse channel. (Bock 2013) (Angelovski et al. 2012)

2. To modulate the voltage transient to optical amplitude, an electro-optic modulator
(EOM) is used.

Laser pulses with a repetition rate of 216 MHz from a femtosecond stable optical
reference system are fed into the EOM. The RF signal of an electron bunch passing
the pick-up amplitude modulates a single laser pulse of the optical reference. To keep
the zero crossing time of the pickup signal in the dynamic time range, an optical delay

14



line between the optical reference system and the EOM delays the reference pulse with
respect to the pickup signal. This delay line also allows the BAM to be calibrated (Dinter
2018) (Dinter et al. 2015).

The EOM requires a laser pulse from the optical reference system. The goal is to
modulate an optical pulse whose amplitude represents the time offset between the zero
crossing of the RF signal and the laser pulse from the optical reference system (Figure
2.10). Furthermore, an optical delay line between the laser-based optical reference sys-
tem and the EOM delays the reference pulse with respect to the pickup signal to keep
the zero crossing time of the pickup signal in the dynamic time range. This delay line
also allows the BAM to be calibrated (Dinter 2018) (Dinter et al. 2015).

5V

RF signal

=

-5V

‘% Time

Figure 2.10: The RF signal that is generated by the RF pickup unit of a single bunch
and below the optical signal after the electro-optical modulator. (Dinter
et al. 2015)

3. To sample the modulated laser pulses from the EOMs, photodiodes are used to
convert optical pulses into an electric signal. Two ADCs with a sampling rate of 216
MSPS and 16 bits each are used to measure the peak and the baseline of the photodiode
signal. After digitisation, spline interpolation and peak detection are done to obtain the
amplitude of the pulse. (Dinter et al. 2015)

4. As Figure 2.10 demonstrates, most of the pulses do not represent bunch arrival
times. The bunches arrive at 4.5 MHz, while the pulses have a repetition rate given by
the optical reference, which is 216 MHz. So every 48th pulse contains the relevant infor-
mation (Bock 2013). To determine the actual rate of laser amplitude modulation, not
only the pulse that samples the pickup signal, but also the preceding laser pulse has to
be taken into account. By subtracting the amplitude that results from no bunch, from
the amplitude that results from a bunch arrival, one can remove the offset and obtain the
real amplitude modulation (Bock 2013). Furthermore, it is necessary to normalise the
real amplitude modulation, using the real amplitude modulation of the previous bunch,
with A,prm: = AifA;—1. This represents a high-pass filter that removes slow amplitude
drifts and amplitude jitter from the optical reference. Finally, the resulting amplitude is

15



multiplied by a calibration constant in order to convert it to a timing change measured
in femtoseconds (Bock 2013).

BAMs do not measure absolute bunch arrival time. There is a distance of 1518 m
between BAM.3 and BAM.4.1. Because the bunch train travels at almost the speed of
light, it needs 1518 m/299 792 458 m/s ~ 5.06 s to travel from BAM.3 to BAM.4.1, while
the dynamic range of a BAM is about 1ps (Bock 2013). A bunch arrival time monitor
detects the arrival of the electron bunch with respect to the optical reference. The laser
pulses from the optical reference are distributed throughout the entire accelerator facility
in propagation time corrected optical fibres (Schulz et al. 2019). This ensures, that laser
pulses from the optical reference system at all BAMs are synchronized with femtosecond
precision.

It is important to distinguish between BAM and photon arrival time monitor (PAM).
A BAM can only measure the arrival time of electron bunches, whereas a PAM can
measure the arrival time of generated photons at the end of the XFEL. PAMs are still
under development and are not yet suitable for real-time feedback loops (Kirkwood et al.
2019).

2.6 dCache

dCache is a high-performance, distributed storage system designed to efficiently manage
and store large amounts of data. One notable implementation of dCache is found at
the Deutsches Elektronen-Synchrotron (DESY), a leading research centre in Germany.
At DESY, dCache plays a crucial role in handling the immense volumes of data gener-
ated by experiments and research activities, particularly in the field of particle physics.
The dCache system at DESY is tailored to meet the specific demands of high-energy
physics experiments, ensuring reliable storage, efficient data retrieval, and seamless data
management. It optimises data access and retrieval through a distributed architecture,
enhancing the overall performance of data-intensive experiments conducted at DESY.
(Fuhrmann & Giilzow 2006)
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3 Methods

This chapter outlines the procedures and techniques employed in the analysis of seismic
and ocean-generated microseism data. It covers all DAS-related methods first, namely
the measurement setup, georeferencing, downsampling, and signal processing of iDAS
data. This is followed by BAM-related methods: Bunch selection for BAM data and
signal processing of BAM data. Next, a description of the seismometer setup is given,
and finally the acquisition of numerical ocean wave data from the Wavewatch 11T model
is described.

3.1 iDAS Setup

The so-called intelligent Distributed Acoustic Sensor (iDAS™) is a device, developed
by Silixa Ltd, used by the WAVE initiative, and provided by the group of Prof. Oliver
Gerberding of the University of Hamburg. The WAVE initiative investigates and designs
a seismic and geo-acoustic measurement network in and around the Science City Ham-
burg Bahrenfeld. WAVE is an infrastructure for geophysics, physics, and especially for
large-scale research facilities (Hadziioannou & Gerberding 2023). iDAS uses the phase
of Rayleigh backscattered light to measure dynamic strain events along an optical fibre.
iDAS can measure changes in local axial strain down to 10 pm/m resolution and has a
signal frequency bandwidth from 1 mHz to 50 kHz (Parker et al. 2014). For information
on the general working principle of DAS see Chapter 2.3.

A total of 12608 m of optical fibres, located on the DESY campus and in the European
XFEL, were connected to the iDAS interrogator. The device was installed in Building
35. The fibre runs from Building 35, where the iDAS instrument was located, to the
European XFEL. From the injector building (XSIN), through the main linear accelerator
tunnel (XTL), through XTD2, XTD9 into the experimental hall. There the fibre is
spliced to another fibre of the same cable so that the pulses travel back the same way to
Building 35. There, another cable is connected, which runs through cable ducts across
large parts of the DESY campus, then alongside the PETRA III tunnel and into Building
35 (Figure 3.1). Here again, two fibres of the cable are spliced together so that the pulses
travel back the same way across the DESY campus. The mapping of relevant locations
to iDAS channel numbers is described in Chapter 3.2.
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Figure 3.1: Map illustrating the path of the fibre connected to the iDAS instrument.
The fibre passes through the PETRA III experimental hall, connecting
tunnels, communication shafts, and open cable trays, establishing a fibre
loop on the DESY campus. Notably, the fibre passes forth and back
through the European XFEL tunnel. (Courtesy: Sandy Croatto)

Within the fibre loop connected to the iDAS interrogator, different optical single mode
fibres (SMF) are used. In the European XFEL tunnel from the injector building XSE
through the linear accelerator to the SASE beamline tunnel XSE (see Chapter 2.4) a
FTTz A-DQ(ZN)2Y cable with a G.657. A fibre is used. Elsewhere, a cable with the
identifier U-DQ(ZN)BH and a fibre type 652.D is used. Both cables are "loose tube”,
meaning that the fibre is intended to slide inside the cable, which can affect high spatial
resolution DAS measurements. These fibres are low bend loss SMF fibres with a damping
of < 0.21dB/km at 1550 nm.

Configuration parameters of iDAS system:

e Sample rate: 1000 Hz

Gauge length: 10m

Number of channels: 12 608

Bit depth of written data: 16 bit Integer

Data rate: 25.2 MB/s= 2179 GB/day

3.2 Georeferencing of iDAS data

Georeferencing, in the context of DAS, is the process of assigning geographic locations,
such as geo-coordinates, to recorded acoustic events. Georeferencing is an important
and sometimes non-trivial task.
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To determine the locations of the two relevant BAMs, BAM.3 and BAM.4.1, a col-
league went into the tunnel and tapped the tunnel floor next to each BAM with a rubber
hammer while the iDAS instrument was running. After calculating the approximate lo-
cation, these hammer taps can be identified in the data and have been visualised in
Figure 3.2. For consistency, the data has been integrated from strain rate to strain.
To make the hammer taps visible, the data was high-pass filtered before integration at
100 Hz using the Discrete Fourier Transform (DFT). The RMS strain is expected to be
strongest at the channel closest to the hammer impact, which is next to the respective
BAM. Therefore, the channel with the highest RMS strain corresponds to the BAM. In
the case of BAM.3 it is channel 1445 and in the case of BAM.4.1 it is channel 2955.
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Figure 3.2: Visualisation of hammer taps on the fibre next to BAM.3 (left) and
BAM.4.1 (right). The signal is high-pass filtered at 100 Hz. The upper
plots show the RMS strain of 20 ms and the lower plots show the RMS
strain of the entire selected time. The hammer taps have their strongest
effect on channels 1445 and 2955.

3.3 Downsampling of iDAS data

iDAS data was captured from 9 December 2022 to 9 March 2023 (89 days) and from
25 May 2023 to 12 October 2023 (140 days). This is a total of 229 days. During this
period, more than 12km of fibre was connected to the interrogator, resulting in 12608
channels, and the sample rate was set to 1000 Hz. The resulting total amount of data is
approximately 460 TB.

A reduced version of the full iDAS dataset is required to allow for a variety of long-
term analyses. Otherwise, long-term analyses on iDAS data are impractical due to
the large amount of data involved and the resulting excessive computation times. To
analyse the effects of ocean waves, a sampling rate of 10 Hz is sufficient. Although the
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spatial sampling is one metre, the gauge length is ten metres, so the spatial resolution is
somewhere between one and ten metres. Therefore, it is reasonable to downsample the
spatial sampling to ten metres in order not to increase the amount of data unnecessarily.
For simplicity, the spatial sampling is reduced to 10 m. With a sampling rate of 10 Hz
and a spatial sampling of 10 m, the size is reduced by a factor of 1000, resulting in a
size of 460 GB for the complete dataset. Assuming a read rate of 200 MB/s, the reduced
dataset could be loaded into memory within ;(f)gj—}ﬁj’lf/s ~ 38 min. The generation of the
reduced dataset is a significant challenge, as the sheer sequential reading of the data
would require %&%}Z ~ 27d.

Naive parallel reading does not provide a significant speed-up, because the bottleneck
lies in the storage hardware, not in the network or processing. Since 460 TB cannot be
stored on a single storage device, the key is to exploit the fact that the data is distributed
across multiple storage devices. This was accomplished by defining a single read task for
each day of data (about 2 TB per day) and executing these tasks in parallel. As a result,
the downsampling of the entire dataset was completed in less than two days using only
a single compute node.

Choosing an appropriate downsampling method is an important task before down-
sampling this large amount of data. An ideal downsampling method reduces the sample
rate without distorting the signal components below the new Nyquist frequency, there-
fore keeping the same frequency and phase spectrum below the Nyquist frequency. To
achieve this, high frequency components must be removed in the process otherwise they
will cause aliasing artefacts. If the downsampling method is too computationally ex-
pensive, the process may not be feasible. In addition, it is important that there are
no software errors, because this would waste a lot of valuable computation time. Four
different downsampling strategies have been considered and are listed in Table 3.1 with
their advantages and disadvantages. Downsampling without anti-alias filtering is not
suitable because the aliasing effects are too strong. IIR anti-alias filtering has variable
group delay in the passband, which can make interpretation of the downsampled signal
very difficult. FIR anti-alias filtering is better in this respect because it has a constant
group delay. However, it is computationally expensive and not trivial to implement and
must be carefully verified. Another method is called average downsampling. The idea
is to take n samples of raw data and calculate the average to retrieve one downsampled
sample. For the next sample, the next n samples are used. This reduces the number of
samples by a factor of n. In this case, n is 100. Average downsampling is very easy to
implement, computationally very cheap, and has a frequency independent group delay.
The passband is flat until close to the cutoff frequency, where it has a relatively round
roll-off. The downside is the strong side lobes, shown in Figure 3.3, which can lead
to aliasing effects if there are very strong signals relatively close to the passband. To
check the quality of this downsampling method, Figure 3.4 shows the amplitude spectral
density of an iDAS signal before and after applying the downsampling method. There is
a slight attenuation near the Nyquist frequency of 5 Hz, but at lower frequencies below
1 Hz the frequency spectra align almost perfectly. Ocean-generated microseism lies in the
0.05Hz to 0.5 Hz frequency band, where the spectra show remarkable consistency, con-
firming the suitability of the downsampling approach for the analysis of ocean-generated
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microseism.
The same method is used to reduce the number of channels by a factor of ten. The

resulting measure represents the average strain rate of 100 m of fibre over 100 ms.
The reduced dataset is now stored in the dCache (Chapter 2.6) and is available to all
DESY and WAVE affiliates for extended analyses.
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Figure 3.3: Frequency response of a rectangular FIR filter with a window size of 100
samples and a sampling frequency of 1000 Hz. A rectangular FIR filter is
the analogue of the average downsampling method but without the actual
downsampling. This figure clearly shows the disadvantages of this filtering
method, namely low attenuation in the stopband (strong side lobes) and a

round roll-off.
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Figure 3.4:

Comparison before and after downsampling
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Frequency spectra comparison of iDAS data before and after
downsampling. The objective is to assess whether the average
downsampling method introduces any aliasing effects or distortions in the
frequency spectrum. The average of ten channels within the LINAC of the
European XFEL was calculated to reduce instrument noise. Then the data
is downsampled using the average downsampling method. The spectra were
calculated from 5 minutes of data with 1000 Hz before downsampling and
10 Hz after downsampling.
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Method

Advantage

Disadvantage

Downsampling  without

anti-aliasing

+ Easy to implement, not
prone to errors.

+ Computationally fastest
method conceivable.

- Strong aliasing effects
when high frequency con-
tent is present.

Average downsampling

+ Constant group delay.
+ Computationally effi-
cient.

+ Easy to implement, not
prone to errors.

- Aliasing effects are not
as strongly filtered as with
the following methods.

I[TIR  anti-aliasing filter
(Butterworth or Bessel)
followed by downsampling

+ Very good attenuation
of aliasing effects.

+ Moderate computa-
tional efficiency.

- Variable group delay in
the passband.

FIR anti-aliasing filter fol-
lowed by downsampling

+ Constant group delay.
+ Good attenuation of
aliasing effects

- Filter design is a complex
task that may require ver-
ification.

- Computationally expen-
sive.

Table 3.1: Different downsampling strategies, considered. Ordered by computationally
fast (top) to slow (bottom), and signal quality good (top) to bad (bottom).

3.4 Signal processing of iDAS data

For the analysis in this work the downsampled dataset, described in Chapter 3.3, is used.
This dataset is already downsampled to 10 Hz, therefore matching the sample rate of the
BAM data and avoiding excessive computation times. To calculate the average strain
of the European XFEL between BAM.3 and BAM.4.1, the corresponding channels have
been averaged. The process of finding the channel corresponding to a given location is
referred to as georeferencing and is described in Chapter 3.2. By first calculating the
mean of the selected channels, the amount of data is further reduced and computation
time is saved. The result is a one-dimensional time series.

iDAS measurements are sensitive to variations in the temperature of both the in-
strument and the fibre. BAM measurements, on the other hand, are not sensitive to
temperature induced changes and therefore it is necessary to remove the temperature
drifts from the iDAS signal, in order to compare the two measurements. To remove
temperature drifts, a high-pass filter has been applied. Raw iDAS data is stored as
analog-digital-converter (ADC) counts which are proportional to the strain rate of the
fibre. To obtain actual strain rate, the raw data must be multiplied by a calibration

nm

constant. The resulting unit is 2. In the downsampled dataset this is already done

(Chapter 3.3). The bunch arrival time difference between two BAMs is proportional to
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the strain of the tunnel section if the given signal is of seismic origin. To convert the
iDAS data from strain rate into strain, it is integrated in time. This also scales the signal
by 1/frequency which reduces high frequency noise but greatly amplifies temperature
drifts. The spectra of both systems are visualised in Figure 4.7.

Effectively removing temperature drifts from iDAS measurements is a tricky task, as
temperature drifts are typically many orders of magnitude stronger than ocean-generated
microseism in strain data. While ocean-generated microseism is generally not below
0.05Hz, temperature-induced changes have orders of magnitude lower frequencies. In
some cases, there is no periodic character at all. Because of the frequency difference,
temperature drifts can be removed by high-pass filtering. Four different filter methods
have been considered to remove temperature drifts. Linear detrending is a linear regres-
sion of the selected data period and removal of the calculated slope. Linear detrending
works well for short periods in most cases, but its effectiveness depends on the duration
of the data. FIR filters do not have this problem, but due to the low frequency and
high attenuation required, the resulting filter kernel is impractically long compared to
the signals being analysed. IIR filters generally have a frequency dependent group delay,
which would make them unsuitable. It is possible to mitigate this and achieve zero group
delay by applying the IIR filter to the reversed signal as well. However, the attenua-
tion of temperature drifts is not as strong and the cutoff is not as sharp, as with other
methods. Finally, the Discrete Fourier Transform (DFT) is used to transform the signal
into frequency domain for filtering and back again. This method produces a very sharp
frequency cutoff. Strong spectral smearing effects can occur due to the large magnitude
of temperature drifts, which is avoided by applying this method before integration from
strain rate to strain. The selected cutoff frequency is 0.05 Hz. This method effectively
removes the temperature effects while introducing the least amount of filter artefacts.

3.5 Bunch selection for BAM data

The European XFEL produces X-ray trains at a rate of 10 Hz. Within one train, there
can be up to 2700 ultra-short X-ray flashes. A FEL creates electron bunches first which
are used in later tunnel sections, called undulators or SASEs, to produce X-ray flashes.
There one electron bunch results in one X-ray flash. A BAM measures the relative
arrival time of each individual electron bunch within a bunch train. The bunch train is
divided into different beam regions, which can have different properties. A beam region
can be stabilised by a feedback system. For the experiments of this thesis, it is important
that only bunches from a stabilised beam region are used. The feedback system needs
some time to achieve sufficient stability and suffers from the transition to the next beam
region. Therefore, the first and last 50 bunches of a beam region are not used in the
experiments of this thesis.
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3.6 Signal processing of BAM data

BAM measurements are stored for two weeks in the data acquisition system (DAQ) of the
European XFEL. A digital infrastructure designed for the collection and management
of experimental data generated by the operation and experiments conducted at DESY
(Agababyan et al. 2007). After extracting the data from the DAQ, the samples (bunch
trains) have to be sorted by their unique bunch-train-id. The sample rate is 10 Hz, since
the European XFEL accelerates ten bunch trains per second. Some samples are missing
due to the high system load of some components in the tunnel. This accounts for up to
2%, depending on the time and the BAM. The missing samples are substituted using
cubic spline interpolation. Linear interpolation was also considered, but in this case,
the resulting signal quality is generally better with cubic spline interpolation, and the
additional computational effort is not significant because of the preceding data reduction.
Depending on the configuration of the European XFEL, bunches are not generated at
the full 4.5 MHz. In some cases, every second potential bunch is omitted, resulting in
zero values in the BAM data. To mitigate this, all bunches that are zero over the entire
selected time interval, are removed. Ocean-generated microseism strains the tunnel.
The absolute arrival time is influenced by many other factors overlaying the strain of
the tunnel. A measure that is proportional to strain is the (relative) bunch arrival
delay between two points in the accelerator tunnel. This is retrieved by calculating
the difference between the arrival times at two BAMs. Even this difference does not
represent the absolute delay, but only a relative, as described in Chapter 2.5. However,
the relative delay is good for comparison with iDAS, as iDAS also measures relative
instead of absolute strain. Finally, an interval of bunches per bunch train is selected
for averaging. Averaging reduces the noise floor below the ocean-generated microseism
amplitudes. Only bunches from a stabilised beam region with feedback loops should
be used to achieve low noise results. A stabilised beam region can be identified by its
low arrival time jitter within a bunch train. In Figure 4.5 the stabilised beam region is
visible as a horizontal region and the selected bunch interval is highlighted in green.

3.7 Seismometer Setup

The Giiralp Systems CMG-3TD is a three-component digital broadband seismometer.
The instrument is a well-proven, established design based on the 3T seismometer and
the DM24 digitiser. The frequency response is within 3dB or better from 0.009 Hz to
50 Hz on all three axes (Figure 3.5). In the ocean-generated microseism frequency band
from 0.1 Hz to 0.3 Hz the attenuation is close to 0dB. Therefore, this seismometer is
well suited to measure ocean-generated microseism.
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Figure 3.5: Normalised lower-end frequency response from the calibration of this
individual seismometer. (Gii 2019)

The placement of a seismometer is generally very important and can strongly influence
the measurement. It is located in the injector building of the European XFEL (Chapter
2.4), called XSIN (Figure 3.6). There it is in the 7th underground level at NN+7.6 m,
which is 29.4 m below the surface. The seismometer stands on a concrete floor about 2m
thick (Figure 3.7). Below the floor is the secondary injector tunnel, and further below is
the primary injector tunnel that is in use today. As a result, some of the injector noise
may be coupled into the measurement. However, the heavy concrete plate can absorb
much of the higher frequency noise, creating a relatively quiet measurement situation,
which helps to measure lower frequency motions such as ocean-generated microseism.

26



\JJ
5°

speicherring

XHg, £

G\u%ie

i
2

R CIEL]
S

Figure 3.6: Location of the seismometer, which is installed in the European XFEL’s
XSIN building, on a map.

Figure 3.7: The installation site of the seismometer in the 7th underground level of
the XSIN building of the European XFEL. (Courtesy: Norbert Meyners)

3.8 Acquisition of numerical ocean-wave data from
Wavewatch Il model

Wavewatch III (WW3) is a numerical wave model designed to simulate and forecast
ocean waves. The model is designed to provide forecasts of various wave parameters such
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as wave height, wave direction and wave period on a global scale (Tolman et al. 2009). It
is widely used in oceanography, marine forecasting and climate research (Bi et al. 2015).
Wavewatch III was developed by researchers at the National Centers for Environmental
Prediction (NCEP), part of the National Weather Service (NWS) in the United States.
The model has undergone several updates and improvements since its initial release.
The primary purpose of Wavewatch III is to simulate ocean surface waves and provide
forecasts that are useful for a variety of applications, including maritime operations,
coastal engineering, and climate research. It helps to understand the behaviour of waves
under different atmospheric and oceanic conditions. Wavewatch III is a numerical model
that represents the physical processes involved in wave generation, propagation and
dissipation. It takes into account factors such as wind speed, atmospheric pressure,
and sea ice conditions (Tolman et al. 2009). The model has global coverage, allowing
it to simulate wave conditions in oceans and seas around the world. This makes it
valuable for a wide range of applications, including shipping, offshore operations, and
coastal management. Wavewatch III provides forecasts of several wave parameters,
including significant wave height, wave period and wave direction. These parameters
are essential for understanding the characteristics of ocean waves and their potential
impact on various activities.

For the purpose of this thesis, the simulation results were retrieved from earth.
nullschool.net, an easy-to-use tool that visualises various environmental data, in-
cluding ocean wave data, using models such as Wavewatch III. The data displayed on
earth.nullschool.net is not calculated or generated by the website itself. Instead, it pulls
data from various sources, including numerical weather prediction models such as Wave-
watch III, and presents it in a visual and interactive format (Beccario 2015).
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4 Results

This chapter presents the results of the data analyses performed which demonstrate and
evaluate the impact of ocean-generated microseism on the performance of the European
XFEL. The chapter is divided into four sections. The first gives an overview of the
ocean-generated microseism over almost one year, using iDAS data, revealing a strong
seasonal dependence. The second section proves that the noise observed at the European
XFEL is of seismic origin by comparing BAM and iDAS measurements. The third
section incorporates seismometer data, to gain a deeper understanding of the geophysical
properties and the generation mechanism of the observed ocean-generated microseism.
In the fourth section, the seismometer data is compared with numerical ocean wave data
simulated by the Wavewatch III model (Tolman et al. 2009) to validate the previous
results and to determine the source of the observed ocean-generated microseism.

4.1 Long-term characteristics

Ocean-generated microseism is supposed to have a strong seasonal dependence. To
search for seasonal variation in the iDAS measurements, the whole iDAS dataset, includ-
ing measurements from December 2022 until September 2023 (inclusive) was visualised.
As a first step, the complete 460 TB of iDAS data were downsampled by averaging to a
frequency of 10 Hz and a spatial pixel size of 10 m, resulting in a dataset of 460 GB, as
explained in Chapter 3.3. Exactly those channels that correspond to the tunnel section
from BAM.3 to BAM.4.1, as explained in Chapter 3.2, are selected and averaged to a
one-dimensional time series. In order to have units consistent with the other experi-
ments, the strain rate data is integrated to strain. The resulting measure represents
the average strain of the relevant tunnel section. From this prepared data the spectral
density is calculated using sliding windows with a size of 25 = 32768 samples (3276.8
seconds). Spectral smearing was reduced by prior multiplication with a Hanning window
function.

The spectral density data is visualised in several ways. Figure 4.1 shows the full
spectrogram. For the visualisation of the spectrogram, nearest-neighbour interpolation
was used. Figure 4.2 and 4.3 show RMS from 0.05Hz to 0.5 Hz, representing ocean-
generated microseism. Figure 4.3 shows the RMS of the ocean-generated microseism
spectrum. It contains annotations for all earthquakes worldwide with a magnitude of
six or greater. The earthquakes are retrieved from the United States Geological Survey
(USGS) earthquake catalogue (Guy et al. 2015).
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Figure 4.1: Spectrogram made from the mean of channels that correspond to the
LINAC tunnel section between BAM.3 and BAM.4.1 of the entire iDAS
dataset. The frequency band is selected to show ocean-generated
microseism. The measurement setup is described in Chapter 3.1. There is a
prominent seasonal contrast between summer and winter. The horizontal
stripes are caused by earthquakes due to their broad frequency spectrum,
high intensity, and short duration. Blank areas indicate periods with no
data available. Notably, during March, April, and May the iDAS was
utilised for another experiment.
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Figure 4.2: RMS of the ocean-generated microseism frequency band (0.05Hz to
0.5 Hz), showing the entire iDAS dataset. Based on the data shown in
Figure 4.1. The spikes are most likely caused by earthquakes.
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Figure 4.3: Zoomed version of Figure 4.2, showing September only. It contains
annotations for all earthquakes worldwide with a magnitude of six or

greater. The earthquakes are retrieved from the United States Geological
Survey (USGS) earthquake catalogue (Guy et al. 2015). The spikes without

annotations are most likely caused by lower-magnitude earthquakes.

During some periods iDAS measurement data is missing. In Figure 4.1 missing data is
visualised as white areas. During winter the instrument was set up and different ways of
collecting and transferring the data to the permanent storage system dCache (Chapter
2.6) had to be figured out. This is the reason for the data leaks in December. During

March, April, and early May, the iDAS was used for another experiment.

Ocean-generated microseism depends on weather conditions. On the North Atlantic
and North Sea, winds are significantly stronger in winter, than in summer, as shown in
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Figure 4.4. The iDAS measures 0.35 nm/m RMS in December, while it is only 0.06 nm/m
RMS in June, which is a factor of six in difference (Figure 4.2). We do not have continu-
ous long-term measurements from the BAM system, because the accelerator is sometimes
switched off for maintenance, has to be commissioned, or tuned to find good operation
settings. From Chapter 4.2 we know the relation between strain and bunch arrival time.
Therefore, the impact corresponds to 3.5 fs RMS in December and 0.6 fs RMS in June.
It is important to note that this is the RMS over the whole month. Within a month
there is a high variation of the strain and bunch arrival time stability (Figure 4.2). As a
consequence, the peak effects are much higher, as shown in Chapter 4.2. Finally, there is
significantly stronger ocean-generated microseism during winter and therefore a better
bunch arrival time stability can be expected during the summer.
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Figure 4.4: Average wind speeds from 1991 to 2020 at Helgoland for each month of
the year. A clear summer-winter difference is visible, with about 24km/h
in the summer months (May, June, July) and about 35km/h in the winter
months (October, November, December, January). (Meteostat 2024).

Earthquakes are very energetic and have a very broad frequency spectrum (Rathje
et al. 1998) and are therefore visible in the ocean-generated microseism frequency band.
Figure 4.3 reveals that the spikes in the ocean-generated microseism spectrum are caused
by earthquakes. In Figure 4.1 earthquakes cause horizontal stripes, due to their broad
frequency spectrum, high intensity, and short duration. The peak on 9 September was
caused by the prominent 6.8 magnitude earthquake in Morocco. This quake caused
exceptionally strong strain at the European XFEL, not only because of its magnitude
but also because of its proximity. All earthquakes in September with a magnitude of 6
or greater are annotated in Figure 4.3. This covers most of the peaks. The other peaks
could be weaker earthquakes. The fact that some strong earthquakes show only a small
peak in the given frequency interval could have several reasons, such as the depth of
the quake, the distance of the quake, and the frequency spectrum of the quake, which
could be outside the selected frequency interval. On closer inspection, unannotated
spikes remain that are stronger than some annotated spikes. These could be weaker
earthquakes that are closer to the European XFEL and/or better match the selected
frequency range.
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In September, data was collected from as many instruments as possible to allow for a
wider range of analysis. Figure 4.3 shows that there were two periods with strong signals
in the ocean wave frequencies. These are the 4th of September, with weaker and very
low frequency signals, and the 21st of September, with stronger and higher frequency
signals. These two periods are analysed in further detail in this chapter, incorporating
measurements from iDAS, BAM, and seismometers. Although not used in this thesis,
data from the LBSync system was also collected. For information on the LBSync system
see (Bock 2013).

4.2 Comparison of bunch arrival time with physical
strain (iDAS)

Strong bunch arrival time jitter can be observed at the European XFEL within the fre-
quency range from 0.05 Hz to 0.5 Hz (Figure 4.7). This analysis reveals that the observed
jitter in bunch arrival time can be accurately measured using the iDAS instrument, in-
dicating its seismic origin.

By averaging the measured arrival times of several bunches, it is possible to signifi-
cantly reduce the BAM measurement noise so that even weak ocean-generated micro-
seism can be detected. It is important that only bunches within a stabilised beam region
are used. How the bunches are selected is described in Chapter 3.5. Figure 4.5 shows the
arrival times of all bunches of several complete bunch trains at the two relevant BAMs.
The selected bunches are highlighted in green.
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Figure 4.5: Relative bunch arrival time over the bunch number for three different
bunch trains, starting at 12:00 CEST. More information on bunches and
bunch trains can be found in Chapter 2.4. The bunches are separated into
different regions for different purposes. The region with the feedback
system switched on has a very stable bunch arrival time and is therefore
nearly constant. The selected bunch region for the analyses in this chapter
is marked in green.

In order to obtain a measure from BAMs that can be compared with strain measure-
ments from iDAS, the difference between the averaged measurements from two different
BAMs is calculated. The measured strain is supposed to be proportional to the bunch
arrival time difference.

Figure 4.6 shows the high-pass filtered strain measured by iDAS at the relevant channel
numbers. The signal processing performed is described in detail in Chapters 3.3 and 3.4.
Ocean-generated microseism is visible in the form of horizontal lines with periods of five
to six seconds. These lines are not perfectly horizontal. They have a slight slope of about
2s per 1000 m. A closer look at the ocean waves reveals a modulation in amplitude with
a period of about 30s. In addition to that, there is a strong signal around channel 2400,
caused by car traffic on the road Rugenbarg, which is perpendicular to the tunnel. To
the right of channel 2400, after 60 seconds, cars are driving on a smaller road called
Bornheide, which is almost parallel to the tunnel (a map is shown in Figure 2.7). It
turns out that car signals always affect some channels positively and others negatively,
giving a sum of zero, considering all channels of one time-sample. This allows car traffic
signals to be cancelled out by calculating the average of all channels shown.
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Figure 4.6: Waterfall diagram of iDAS data starting at 12:00 CEST. The displayed
channels correspond to the section between BAM.3 and BAM.4.1. After
subsampling to 10 Hz by averaging, the data is high-pass filtered at 0.05 Hz
to remove strong, slow temperature drifts. The right figure is a zoomed
version (in the time axis) of the left figure. Ocean-generated microseism is
visible as almost horizontal lines, with periods of five to six seconds.

The seismically induced bunch arrival time difference between two BAMs is expected
to be directly proportional to the accelerator strain between these BAMs. The expected
proportional factor depends only on the distance between the BAMs d and the velocity
of the electrons ¢, which is very close to the speed of light in vacuum as shown in Chapter
2.4. BAM.3 is located at 414m and BAM.4.1 at 1932 m along the European XFEL, so
the distance is 1932m — 414 m = 1518 m. Formula 4.1 shows that a change of 17 in
strain is expected to result in a delay of about 5fs in the bunch arrival time.

e-d t_l%-(1932m—414m)

+— _
c 299792 458 &

~ 5.064 fs (4.1)

Using the correlation factor of Formula 4.1, the frequency spectra of the measured
bunch arrival time difference and the iDAS data can be compared. Figure 4.7 shows
the frequency spectra of both measurements without high-pass filtering. Strong low
frequency signals are caused by the temperature sensitivity of iDAS and are not visible
in the BAM spectrum. At higher frequencies, the spectra are in good agreement. The
ocean-generated microseism peak is visible at 0.18 Hz and matches the strong secondary
ocean-generated microseism peak in the seismometer measurements shown in Figure
4.10c. Unlike the seismometer data in Figure 4.10d, this visualisation shows no signif-
icant primary ocean-generated microseism peak. The data remains in their respective
units, fs and nm/m, but the scales are shifted so that 1 nm/m corresponds to 5fs as de-
rived from Formula 4.1. Therefore, the scales are aligned such that the signal amplitudes
are supposed to match, but the comparison reveals a discrepancy.
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Figure 4.7: Comparison of BAM and iDAS frequency spectra for one hour of data,
starting at 12:00 CEST. The iDAS spectrum is based on the average of all
channels corresponding to the section between BAM.3 and BAM 4.1
(Chapter 3.2), whereas the BAM data represents the difference of the
arrival times at BAM.4.1 and BAM.3, averaged over the selected bunches
marked in green in Figure 4.5. For this visualisation, the iDAS data is not
high-pass filtered. The data remains in their respective units, fs and nm/m.
But the scales are shifted, so that 1nm/m corresponds to 5 fs as derived
from Formula 4.1.

Formula 4.1 derives the expected linear correlation factor. Despite that, the actual
correlation factor for this measurement is calculated as shown in Figure 4.8. First, the
cross-correlation is calculated to find and compensate for offsets. Second, the corre-
lation factor is calculated using linear regression. Compensating for time offsets first
is an important step to ensure the validity of the linear regression. The correlation
factor resulting from the linear regression is 9.534 —=—, which is 88% higher than the

nm/m?

expected factor of 5.064 —=— (Formula 4.1). The possible sources of this discrepancy

nm/m

are discussed in Chapter 5. After scaling the iDAS data by the factor 9.534 mflﬁ, the
BAM data correlates very well with the iDAS measurements (Figure 4.9). Apart from
the discrepancy in the linear correlation factor, the very good correlation proves that

the noise in the 0.05Hz to 0.5 Hz frequency band has a seismic origin.
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Figure 4.8: Correlation of BAM with iDAS data using a time window of 300s (3000
samples each), starting at 12:00 CEST. The BAM data represents the
difference of the arrival times at BAM.3 and BAM.4.1, averaged over the
selected bunches as shown in Figure 4.5, while the iDAS data is
mean-downsampled to 10 Hz, averaged over the relevant channels (Chapter
3.2) and high-pass filtered at 0.05Hz to remove temperature drifts against
which BAM measurements are insensitive. First, the cross-correlation
(shown above) is calculated to correct for time offsets. Second, the
correlation plot (shown below) was created and linear regression was
performed. The correlation factor resulting from the regression is
9.534 —— which is 88% more than the expected factor of 5.064 —

nm/m’ nm/m

(Formula 4.1).
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Figure 4.9:

Comparison using the calculated shift and scale
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Comparison of BAM and iDAS data in the time domain. The top figure is
a zoomed version of the bottom one. The BAM data represents the
difference of the arrival times at BAM.3 and BAM.4.1, averaged over the
selected bunches as shown in Figure 4.5, while the iDAS data is
mean-downsampled to 10 Hz, averaged over the relevant channels (Chapter
3.2) and high-pass filtered at 0.05 Hz to remove temperature drifts against
which BAM measurements are insensitive. The iDAS data is scaled with
the correlation factor calculated by linear regression, as shown in Figure
4.8. The signals are dominated by ocean-generated microseism and show an
amplitude of up to 24 fs peak-to-peak. However, there is an amplitude
modulation with a period of about 30s.
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4.3 Wave-type based on seismometer data
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Figure 4.10: These figures show the seismometer data of the two periods in September
with strong microseism: The days around the 4th and the 21st of
September 2023. For each period there is one spectrogram of the vertical
component, and an averaged spectral density of each component (north,
east, vertical). The averaged spectral density is an average of ten periods

in a total period of one hour.

Chapter 4.2 shows that the noise in the frequency range from 0.05 Hz to 0.5 Hz is of
seismic origin. In this chapter, seismometer data is used, exploiting the three components
(North, FEast, Vertical), to show the types of seismic waves and the mechanisms involved
in their generation.

To get a nice, readable spectrum (Figure 4.10a and 4.10c) from the seismometer
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measurements, some processing steps were performed. One hour of data, recorded at
200 Hz sample rate, was divided into 10 equally sized parts. The power spectral density
was calculated for each part and finally averaged to a single power spectral density.
Hanning window function was applied and the window size used for the discrete fourier
transform (DFT) was 72000 Samples which corresponds to 360s. This process was
performed individually for each of the three components: north, east, and vertical. For
more information on the measurement setup see Chapter 3.7.

The Figures 4.10a and 4.10c show a comparison of the three components of the seis-
mometer: north, east, and vertical. Two distinct peaks can be seen in each spectrum:
On the 4th of September (Figure 4.10a) at 0.065 Hz and 0.13Hz. On 21st of September
(Figure 4.10c) at 0.08 Hz and 0.17 Hz.

The two peaks could evolve from primary- (lower peak) and secondary (higher peak)
ocean-generated microseism mechanisms. There are four observations that point in this
direction. The fact that these peaks differ by almost exactly a factor of two (Chapter
2.2). The fact that the higher peak is much stronger than the lower peak. The fact
that the clouds in the spectrogram around the given frequencies have a very similar
shape and occur almost at the same time (Figure 4.10b). At the lower peak, the vertical
component is much weaker than the horizontal components, while at the higher peak,
the three components have the same amplitude. This was already observed by Becker
et al. (2020) for primary and secondary microseism respectively.

As presented in Chapter 2.1, there are four main types of waves: primary, secondary,
Love, and Rayleigh waves. Which types of waves are included in the ocean-generated
microseism at the European XFEL? In general, ocean-generated microseism consists
mainly of surface waves (Love and Rayleigh waves) (Juretzek & Hadziioannou 2016).
Love and Rayleigh waves can be identified by comparing the ratio of vertical to horizontal
components. While Rayleigh waves are expected to have equal amplitudes horizontally
and vertically, Love waves have no vertical component at all (Figure 2.2). Figures 4.10a
and 4.10c show that at the lower peaks (primary microseism) the vertical component is
much weaker, suggesting a higher proportion of Love waves, while at the higher peak
(secondary microseism) all three components have almost equal amplitudes, suggesting
a high proportion of Rayleigh waves (Chapter 2.1).

4.4 Comparison with numerical ocean wave model
Wavewatch IlI

The aim of this chapter is to find the origin of the ocean-generated microseism observed
at the European XFEL. For this purpose, the seismometer measurements of Chapter 4.3
are compared with the ocean wave heights and periods in the North Sea and the North
Atlantic, which are obtained from a sophisticated numerical model. Wavewatch III is a
numerical model developed by the National Oceanic and Atmospheric Administration
(NOAA) to forecast and calculate ocean waves (Tolman et al. 2009).

For this chapter, there are two important metrics: wave height and wave frequency.
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Wave height refers to Significant Wave Height, which is the average height of the highest
third of waves at a particular point in the ocean. Wave frequency refers to the inverse of
the Peak Wave Period. The Peak Wave Period is the period of the most energetic waves
passing through a particular point in the ocean. This corresponds to the group of waves
that contribute the most energy. This results in a sudden jump each time a different
group of waves becomes the strongest. Often these jumps represent swell fronts, but
sometimes they are just artefacts of the ranking mechanism (Beccario 2015). All ocean
wave frequencies and periods given below are taken from the Wavewatch III numerical
model.

On 4 September 2023, strong ocean waves with heights of up to 7 metres and fre-
quencies of around 0.08 Hz were present in the Azores. In the North Atlantic, near the
Shetland Islands, strong ocean waves with significant wave heights of up to 5 metres
and frequencies of around 0.07 Hz have been calculated. In the North Sea, ocean waves
are much smaller, with significant wave heights below 1.5 metres and frequencies around
0.065 Hz. In the Baltic Sea, frequencies are around 0.25 Hz and significant wave heights
are only around 0.5 metres. Therefore, no significant impact is expected from the Baltic
Sea. The frequency of the primary microseism peak in the seismometer data matches
very well with the frequencies of ocean waves in the North Atlantic near the Shetland
Islands and the North Sea. It seems more likely that the primary microseism originates
near the Shetland Islands, as the significant wave heights are much larger. In addition,
the ocean waves are directed towards the Shetland Islands, and near the Shetland Islands
there is a strong slope of the seabed from 200 metres down, whereas the North Sea is
much shallower and has less slope. A sloping seabed is important for the generation of
primary microseism as described in Ardhuin et al. (2015).

On 21 September 2023, at the location with the highest significant wave height of
7.5 metres in the North Atlantic, ocean wave frequencies are around 0.08 Hz. The same
frequency dominates the North Sea but with smaller significant wave heights below 4
metres. These frequencies perfectly match the primary microseism peak in the seis-
mometer data and would also explain the strong secondary microseism peak at 0.18 Hz.
Only close to the coast are the ocean wave frequencies higher. In particular, in the
German Bight with smaller significant wave heights below 2.5 metres, ocean waves have
frequencies up to 0.3 Hz. It is possible that these ocean waves in the German Bight are
visible on the seismometer data as local primary microseism and could explain the strong
noise floor in Figure 4.10d at frequencies above the secondary microseism peak. Local
primary microseism can only be observed close to the coast and the German Bight is
only 100 km from the European XFEL and the seismometer. Local primary microseism
is explained in detail in Becker et al. (2020).

In these two cases in September, the microseism peaks measured at the European
XFEL correspond very well to the wave frequencies at the locations of the strongest
ocean waves in the North Atlantic. However, it remains unclear from which of the two
seas the microseism originated, as similar wave frequencies were present in the North
Sea and the North Atlantic in the specific cases.
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5 Discussion

This thesis demonstrates that ocean-generated microseism significantly impacts the
bunch arrival time of the European XFEL in the frequency range of 0.05 to 0.5 Hz. Both
primary and secondary ocean-generated microseism were identified using seismometers
and a numerical reference model. Whereas secondary microseism has a strong impact on
the bunch arrival time, primary microseism has no notable effect. This is attributed not
only to the smaller amplitudes of secondary microseism but also to the fact that primary
microseism has a higher Love wave to Rayleigh wave ratio. The effect on the bunch ar-
rival time is caused by Rayleigh waves, whereas Love waves have a negligible influence
on the bunch arrival time. In the presented cases, the noise originates from the North
Atlantic and/or the North Sea. The amplitude of the noise depends on the weather
conditions in the North Sea and the North Atlantic and is generally much stronger in
winter. In summary, this study shows that ocean-generated microseism is a significant
bottleneck that must be addressed to achieve femtosecond bunch arrival time stability.
An important aspect of this work is to prove that the noise observed at the European
XFEL in the frequency range of 0.05 to 0.5 Hz is of seismic origin. Notably, the BAM and
iDAS measurements correlate strongly, as shown in Chapter 4.2. Only downsampling and
high-pass filtering of the iDAS signal are required to match the sampling frequency and
remove temperature drifts. By using only a few simple signal processing methods, the
analysis retains high significance and a low probability of error. Overall, the comparison
shown in Chapter 4.2 proves that the given bunch arrival time jitter is caused by seismic
activity, which must be addressed to achieve femtosecond bunch arrival time stability.
The correlation factor resulting from the regression is 88% higher than the expected
factor from Formula 4.1. Apart from the scaling, the BAM data correlates strongly with
the iDAS measurements, as shown in Figures 4.8 and 4.9. The discrepancy could be a
factor of two, plus a further inaccuracy from, for example, the calibration factor of the
iDAS. There are four main sources, this discrepancy could come from: The BAMs, the
DAQ), the data processing performed for the comparison, and the calibration of the iDAS.
The BAMs are listed here for completeness. Their calibration is important for the daily
operation of the European XFEL and is therefore a very unlikely source of error. The
DAQ is not the main source of BAM data for daily operations and is a complex system.
Therefore, an error in this part of the chain is more likely. The analysis itself, including
data processing, may be the source of error. Although the whole process from data
retrieval to visualisation has been carefully checked, the possibility of a misunderstanding
or a programming error remains. The last possible source is the calibration factor of
the proprietary iDAS system provided by the manufacturer. It is difficult to check the
calibration, due to the small magnitude of ocean-generated microseism, which is in the
order of 1 ==. Notably, 10 m of single-mode fibre must be stretched exactly 10 nm with an
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accuracy of at least 1 nm. In addition, the calibration is not important for most typical
iDAS applications such as borehole or pipeline monitoring, geophysical exploration, and
surveillance applications (Li et al. 2021). The evaluation of the calibration factor may
be an interesting future study. The whole chain of BAM calibration, including data
acquisition and data processing for comparison, can be checked by analysing a change
in the bunch energy in front of the bunch compressors of the European XFEL. In such
a case, the bunch arrival time changes by a known amount, which can be used as a
reference to evaluate the whole BAM-related signal chain.

Earthquakes and urban car traffic can interfere with ocean-generated microseism.
Earthquakes occur irregularly and last from minutes to hours. Measured amplitudes
can be orders of magnitude larger than those of ocean-generated microseism. The fre-
quency spectrum is typically very broad and can intersect with the ocean-generated
microseism frequency range (Shearer 2019). Cars, however, only generate signals on
channels in their immediate vicinity. Typically, some channels are stretched while oth-
ers are compressed at the same time so that the sum of the car traffic signals over all
channels is approximately zero (Figure 4.6). This makes it easy to remove car traffic
from ocean-generated microseism, by calculating the average of multiple channels.

The identified primary and secondary microseism have a similar shape in the spectro-
gram (Figure 4.10b), suggesting that they originate from the same event, location, and
time. The shape of the seismometer spectra agrees well with previous analyses reported
by Shearer (2019), Becker et al. (2020), and Astiz (1997), where primary and secondary
microseism peaks were observed at similar frequencies and amplitudes. There is also a
similarity among their overall spectral shapes and in the ratios of vertical to horizontal
components. Another shape is visible in Figure 4.10b at frequencies above 0.3 Hz, which
has not been identified. This may be ocean-generated microseism from another event
at another location, but it remains unclarified. Unfortunately, it is difficult to identify
because it is overlapped by the strong secondary microseism.

The seismometer measurements show a strong secondary and a weak primary micro-
seism peak, but in the BAM and iDAS measurements, only the secondary microseism
peak is visible. One reason is that primary microseism is so weak that it is below or just
above the noise floor in the BAM and iDAS measurements. In addition, primary micro-
seism has a lower proportion of Rayleigh waves and a higher proportion of Love waves,
as discussed in Chapter 4.3 and observed by Becker et al. (2020). Love waves induce only
shear and no strain (Chapter 2.1). BAM and iDAS measurements only measure strain
and cannot measure shear. Therefore, the influence of primary microseism on BAM and
iDAS measurements is even smaller. As a result, not only is primary microseism not
visible in BAM and iDAS measurements, but it does not have a significant effect on
bunch arrival time jitter.

A limitation of this work is the small number of periods of strong ocean-generated mi-
croseism. For this work, data was collected from several instruments in September, and
there were only two short periods with significant ocean-generated microseism. During
one of the periods, the European XFEL was in tuning stage, which means that no BAM
data is available for this event. In general, there are significantly more frequent and
stronger periods of ocean-generated microseism in winter. Therefore, it is necessary to
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perform measurements in winter to obtain more data and analyse stronger events.
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6 Conclusion

This thesis demonstrates that ocean-generated microseism significantly impacts the
bunch arrival time of the European XFEL within the frequency range of 0.05 to 0.5 Hz.
The identification of both primary and secondary ocean-generated microseism using a
seismometer and a numerical reference model reveals that while secondary microseism
exerts a strong influence on the bunch arrival time, primary microseism has no notable
effect. This difference can be attributed not only to the smaller amplitudes of primary
microseism but also to its higher Love wave to Rayleigh wave ratio. Rayleigh waves are
the main source of bunch arrival time jitter, whereas Love waves have a negligible in-
fluence. In the presented cases, the noise originates from the North Atlantic and/or the
North Sea, and the amplitude of the noise is weather dependent, particularly stronger in
winter. Generally, better bunch arrival time stability can be expected during summer.

The European XFEL enables cutting-edge precision in scientific experiments. To
capture interactions of matter at the smallest scales, it is essential to manage any noise
that influences the bunch arrival times. This work focuses on understanding the relevance
of ocean-generated microseism and its impact on experiments. In conclusion, this study
shows that ocean-generated microseism is a significant bottleneck that must be addressed
to achieve femtosecond bunch arrival time stability.
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