
Classical and Non-Classical Laser Sources
for Current and Future

Gravitational Wave Detectors

Der Fakultät für Mathematik und Physik
der Gottfried Wilhelm Leibniz Universität Hannover

zur Erlangung des akademischen Grades
Doktor der Naturwissenschaften

Dr. rer. nat.

genehmigte Dissertation von

M. Sc. Fabian Meylahn

2022



Referent: Apl. Prof. Dr. Benno Willke
Gottfried Wilhelm Leibniz Universität Hannover

Korreferentin: Prof. Dr. Michèle Heurs
Gottfried Wilhelm Leibniz Universität Hannover

Korreferent: Prof. Dr. Stefan Hild
Maastricht University

Tag der Promotion: 2. Dezember 2022



Abstract
Current and future gravitational wave detectors (GWDs) place high demands on their sub-
systems to reach their sensitivity target. Therefore, the stabilized laser systems and squeezed
light sources have to fulfill the highest requirements to allow for the anticipated sensitivity.

Currently, second-generation GWDs use lasers at a wavelength of 1064 nm to measure
differential arm length changes in their Michelson interferometers and since 2015 they
are detecting gravitational waves. In this thesis, Nd:YVO4 solid-state laser amplifiers
with output powers of up to 114 W and a very high spatial purity down to 2.9 % higher
order mode content were set up, tested, and integrated into a GWD laser stabilization
environment. The amplifiers allowed for low noise and highly reliable operation, such that
they were integrated into the laser systems of currently operating GWDs.

Future ground-based third-generation GWDs, like the Einstein Telescope or Cosmic
Explorer, are supposed to increase their sensitivity by more than one order of magnitude
compared to the current generation. One foreseen improvement is to lower the mirrors’ ther-
mal noise by installing cryogenically-cooled silicon mirrors in some of their interferometers.
Due to the required transparency of silicon, a change of the laser wavelength to either
1550 nm or 2 µm is necessary. A detailed characterization of laser sources and amplifiers
at 1550 nm is presented in this thesis to select a suitable configuration for a GWD laser
system at this wavelength. High-bandwidth frequency and power stabilization schemes
were designed for the selected laser system, which were tailored for the needs of GWDs.
These laser stabilizations were operated simultaneously and characterized by out-of-loop
sensors. Independent measurements proved a shot noise limited operation of the power sta-
bilization, below a relative power noise of 1 × 10−8 Hz−1/2 between 100 Hz to 100 kHz, and
a frequency noise down to 400 mHz Hz−1/2, achieved with an active frequency stabilization
with a unity-gain frequency above 2 MHz.

The generation of strongly squeezed vacuum states of light is a key technology for current
and future ground-based GWDs to reach sensitivities beyond their classical quantum noise
limit. By employing the stabilized laser system in a newly designed squeezed light source,
the direct measurement of up to 11.5 dB squeezing at 1550 nm wavelength over the entire
detection bandwidth of future ground-based GWDs ranging from 10 kHz down to below
1 Hz was demonstrated, for the first time in literature. Furthermore, the direct observation
of a quantum shot-noise reduction of up to (13.5 ± 0.1) dB at MHz frequencies allowed to
derive a precise constraint on the absolute quantum efficiency of the photodiodes used for
balanced homodyne detection.

All these results provide important knowledge regarding laser systems and squeezed
light sources for future GWDs, as well as for the whole field of high precision metrology or
cryptography, where ultra-low noise laser systems and non-classical states of light are of
great interest.

Keywords: stabilized laser system, squeezed states of light, 1550 nm wavelength,
1064 nm solid-state laser amplifier, characterization of lasers, gravitational wave detectors.





Kurzfassung
Die derzeitigen und zukünftigen Gravitationswellen-Detektoren (GWD) stellen hohe Anfor-
derungen an ihre Teilsysteme, um ihre vorgesehene Empfindlichkeit zu erreichen. Somit
müssen auch deren stabilisierte Lasersysteme und Quetschlicht-Quellen die höchste Anfor-
derungen erfüllen, um die gewünschte Empfindlichkeit zu erreichen.

Aktuell nutzen GWD der zweiten Generation Laser mit einer Wellenlänge von 1064 nm,
um die differentiellen Armlängenänderungen in ihren Michelson-Interferometern auszu-
lesen und so, seit 2015, Gravitationswellen nachzuweisen. In dieser Arbeit wurden
Nd:YVO4-Festkörperlaserverstärker mit Ausgangsleistungen von bis zu 114 W und mit
sehr reinem Strahlprofil, mit nur 2,9 % der Moden in höheren Ordnungen, aufgebaut, getes-
tet und in eine GWD-Laserstabilisierungsumgebung integriert. Die Verstärker ermöglichten
einen rauscharmen und äußerst zuverlässigen Betrieb, so dass sie in die Lasersysteme
aktueller GWD integriert wurden.

Die geplante, dritte Generation von GWD auf der Erde beinhaltet das Einstein-Teleskop
und dem Cosmic Explorer. Gegenüber der aktuellen Generation sollen deren Empfindlich-
keiten um mehr als eine Größenordnung gesteigert werden. Eine der vorgesehenen Verbesse-
rungen besteht darin, das thermische Rauschen der Spiegel zu verringern, indem einige der
Interferometer mit kryogen gekühlten Siliziumspiegeln ausgestattet werden. Auf Grund der
erforderlichen Transparenz von Silizium ist es notwendig, die genutzte Laserwellenlänge auf
1550 nm oder 2 µm zu ändern. In dieser Arbeit wird eine detaillierte Charakterisierung von
Laserquellen und -verstärkern bei 1550 nm vorgestellt, um eine geeignete Konfiguration für
ein GWD-Lasersystem auszuwählen. Für das ausgewählte Lasersystem wurden Frequenz-
und Leistungsstabilisierungen mit hoher Bandbreite entwickelt, die auf die Bedürfnisse
von GWD zugeschnitten sind. Diese Laserstabilisierungen wurden gleichzeitig betrieben
und währenddessen durch unabhängige Sensoren charakterisiert. Diese Messungen belegen
einen Schrotrausch-limitierten Betrieb der Leistungsstabilisierung zwischen 100 Hz und
100 kHz, unterhalb eines relativen Leistungsrauschens von 1 × 10−8 Hz−1/2. Mithilfe einer
aktiven Frequenzstabilisierung mit einer Regelbandbreite von über 2 MHz, konnte das
Frequenzrauschen bis auf 400 mHz Hz−1/2 verringert werden.

Die Erzeugung von stark gequetschten Vakuumzuständen des Lichts ist eine Schlüsseltech-
nologie für aktuelle und zukünftige GWD auf der Erde, um Empfindlichkeiten jenseits deren
klassischer Quantenrausch-Limitierung zu erreichen. Durch den Einsatz des stabilisierten
Lasersystems für eine neu entwickelte Quetschlicht-Quelle, konnte zum ersten Mal die direkte
Messung von bis zu 11,5 dB gequetschtem Licht im Detektionsband der erwähnten zukünf-
tigen GWD von 10 kHz bis unterhalb von 1 Hz bei einer Wellenlänge von 1550 nm gezeigt
werden. Darüber hinaus ermöglichte die direkte Messung der Reduzierung des Quantenrau-
schens um bis zu (13,5 ± 0,1) dB bei MHz-Frequenzen eine genaue Bestimmung der abso-
luten Quanteneffizienz der Fotodioden, die für die Homodyndetektion verwendet wurden.

Diese Ergebnisse liefern wichtige Erkenntnisse für die Lasersysteme und Quetschlicht-
Quellen für künftige GWD, sowie für den gesamten Bereich der Präzisionsmetrologie und
Kryptographie, bei denen rauscharme Lasersysteme und nichtklassische Zustände ebenfalls
von großem Interesse sind.

Stichwörter: stabilisiertes Lasersystem, gequetschte Zustände des Lichts,
1550 nm Wellenlänge, 1064 nm Festkörperlaserverstärker, Charakterisierung von Lasern,
Gravitationswellen-Detektoren.
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CHAPTER 1
Introduction

1.1 Gravitational waves
Since 14 September 2015, the detection of gravitational waves has opened a new view at
the Universe by detecting signals of inspiraling black holes and neutron stars. Gravitational
waves are ‘ripples’ in the fabric of space-time, theoretically predicted as solutions of general
relativity’s linearized field equations. Accelerated masses that generate a time variation
of their quadrupole moment emit gravitational waves, which propagate with the speed of
light [Sau16]. The first direct detection of gravitational waves was made in 2015 by the
two Advanced Laser Interferometer Gravitational-Wave Observatories (aLIGOs) [Aas15],
located in the United States. The origin of this detected wave was attributed to the inspiral
and collision of the most compact objects in the Universe, two black holes, which were about
a billion light-years away from Earth [Abb16]. Since then, a network of gravitational wave
detector (GWD) has measured signals from inspiraling and merging binaries of neutron
stars, black holes, and neutron star black hole systems [Abb20a].

The gravitational wave catalogs summarize and compare these detections from the
observation runs in the recent years and currently contain 90 gravitational wave events
[Abb21e; Abb21a; Abb20b; Abb19]. In 2017, the GWD network and various optical
instruments recorded the first multi-messenger detection, originating from a binary neutron
star merger [Abb17a; Abb17d].

These detections improved the understanding of astrophysical and cosmological processes,
like the Universe’s expansion [Abb17c; Abb21d], the neutron stars’ equation of state [Abb18],
the population and creation of black hole binaries [Abb21b; Abb21g; Ng21] or tests of the
general theory of relativity [Abb21c; Abb21f].

Future observation runs with improved sensitivities of current second-generation and
planned third-generation GWDs will allow for even more detections with perhaps new
signals originating, e.g., from supernovae [Sri19], deformations of neutron stars causing
continuous gravitational waves [Abb22b] or the post-merger of collided binaries [Abb17b;
Cla16]. This could lead to better insights into the evolution of our Universe, the regimes of
strongest gravity, and the dynamics of highly dense matter [Mag20; Eva21].

1.2 Current and future ground-based gravitational wave detectors
Gravitational waves can be detected by precise measurements of the distances between
free-falling masses. A passing gravitational wave would change the lengths differently along
perpendicular two axes, as shown in Figure 1.1 as time snapshots of a ring of free-falling
masses. Hence, we typically define the gravitational wave strain ℎ by the relative length

1



2 Chapter 1 Introduction

change along two orthogonal axes x and y to be [CM22]:

ℎ = 𝛥𝐿𝑥 − 𝛥𝐿𝑦

𝐿
= 𝛥𝐿

𝐿
, (1.1)

for an average measurement length of 𝐿 and an induced differential length change of
𝛥𝐿 = 𝛥𝐿𝑥 − 𝛥𝐿𝑦. A gravitational wave traveling perpendicular to the measurement
directions will cause the highest strain amplitude if its polarization is aligned with the
measurement directions.

Lx
Ly

Time

Gravitational wave strain

Figure 1.1: A gravitational wave affects the distances between free-falling masses, depicted
as time snapshots for a ring of these masses. A passing gravitational wave, with a polarization
parallel to the shown Michelson interferometer arms, compresses and stretches the distance
between the masses and thereby causes a modulation of the interferometer’s output signal.

This measurement principle can be realized on Earth in a Michelson laser interferometer
with suspended mirrors, which is shown in the mass ring in Figure 1.1. Here, the length
difference between the two interferometer arms is measured by the phase difference of
the two interfering beams at the beam splitter. This phase difference causes a signal at
the detector output.1

With this technique, the successful detection of gravitational waves became possible
with the second generation of ground-based GWDs, which detect gravitational wave
strains even below 1 × 10−21. These GWDs are highly complex instruments, with km-scale
interferometer arms and they use several signal enhancement techniques to reach this
sensitivity in a frequency band between 20 Hz and a few kHz. In general, their sensitivity
to gravitational waves can be characterized by the measured or predicted sum from all noise
sources projected to the strain measurement. A frequency-domain representation of this
total noise is the amplitude spectral density of the sum of the projected noise, which allows
comparing the sensitivities of the second to the third-generation GWDs in Figure 1.2.

The second-generation GWDs are, at the time of writing this thesis, the current GWDs:
the two aLIGO [Aas15] located in Livingston and Hanford in the United States with 4 km

1 See Chapter 2 and Figure 2.1 for a more detailed explanation of a GWD.



1.2 Current and future ground-based gravitational wave detectors 3

arm-length, and the Advanced Virgo detector [Ace15] in Cascina, Italy, with 3 km long
arms. In addition, the GEO600 detector in Ruthe, Germany, with 600 m long folded arms,
and the Kamioka Gravitational Wave Detector (KAGRA) [KAG19; Aku20] in Hida, Japan,
with 3 km long arms, are large-scale interferometric GWDs demonstrating technology for
current and future GWDs, but have not yet detected gravitational waves.

KAGRA is already testing proposed improvements for the next and third generation of
GWDs. It is located underground to lower the coupling of local gravitational gradients
and seismic noise. Cryogenic cooling of its interferometer mirrors should help to reduce
thermal-noise induced position fluctuations of the reflection points at the mirrors.

10-25

10-24

10-23

10-22

10-21

10-20

10-19

2 5k10 100 1k

St
ra

in
 (

H
z-

1
/2

)

Frequency (Hz)

aLIGO design
aLIGO during O3 (Livingston)
Einstein Telescope
ET-LF interferometers
ET-HF interferometers
Cosmic Explorer (40 km)

Figure 1.2: The amplitude spectral density of the strain sensitivity of a current GWD, aLIGO,
is compared to future proposed third-generation ground-based GWDs. The sensitivities to
gravitational waves should increase for the third generation of GWDs, like the Einstein
Telescope or Cosmic Explorer, by more than a factor of 10. Such a sensitivity improvement
would result in a significant increase in the observable part of the Universe. The measured
sensitivity of aLIGO (grey line) contains more noise sources than considered for the design
sensitivity (black curve), and some design requirements were not completely achieved. Hence,
the aLIGO design sensitivity is not fully met by the detector in Livingston during the third
observation run (O3). Data sources: [Bar18; ET 18; Kun22; Eva20].

A third generation of GWDs is currently under development, with the goal of signifi-
cantly improved sensitivities accompanied by more stringent requirements for all detector
subsystems. The Einstein Telescope and the Cosmic Explorer are the two most developed
proposals for third-generation ground-based interferometric GWDs [ET 20; Rei19a].

The actual design of the Einstein Telescope (ET) proposes a detector composed of
six Michelson interferometers arranged in a 10 km long, triangular configuration [ET 20].
These interferometers will be placed underground on a site in Europe. Three shall
operate as the Einstein Telescope High Frequency (ET-HF) interferometers with high
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laser powers and mirrors at room temperature, covering the upper gravitational wave
detection band. The other three are colocated to the ET-HF interferometers. They are
the Einstein Telescope Low Frequency (ET-LF) interferometers with higher sensitivity at
lower detection frequencies, utilizing cryogenically cooled optics and lower laser powers.

The Cosmic Explorer design proposes one or two on-ground detectors located in the
United States with 20 km or 40 km arm length [Eva21]. Depending on the upgrade stage,
room temperature or cryogenically cooled interferometer optics are proposed.

To further extend the spectrum of observable gravitational waves, other kinds of GWDs
are in development [Bai21], like the space-based Laser Interferometer Space Antenna
(LISA) [Bak19], which is designed to measure gravitational waves in the mHz band.

1.3 Structure of the thesis
This thesis will focus on the two important light sources needed in ground-based GWDs.
First, the main laser system that provides the classical, coherent light field for interferometric
length measurements. Second, a squeezed light source for future detectors to improve their
quantum noise limitation with non-classical states of light.1

In Chapter 2, the optical setup of a ground-based interferometric GWD is introduced
to discuss the demands on the laser system and the use of squeezed light. Based on the
description of the quantum noise and the coating thermal noise in the detector, the main
parameters of the laser system and the need for squeezed vacuum states coupled to the
detector output are discussed. Finally, a description of technical laser frequency noise and
power noise coupling motivates the design concept of the laser system and the need for
laser stabilization.

With this understanding of the laser source requirements, two single-pass solid-state laser
power amplifiers at 1064 nm wavelength were characterized for the second-generation GWDs.
The results are presented in Chapter 3. In addition, the integration into a GWD laser stabi-
lization environment and the power stabilization via the amplifier’s pump current is shown.

The following part of the thesis will focus on light sources for third-generation GWDs.
The proposed Einstein Telescope requests novel laser systems at 1550 nm for the ET-LF
interferometers, to be compatible with cooled silicon optics [ET 20]. A detailed charac-
terization of different laser sources and amplifiers at this wavelength, as well as a test of
their actuators for laser stabilization is presented in Chapter 4. Based on these results, a
prototype of a stabilized laser system was set up and is presented in Chapter 5. Sensors for
laser frequency and power, which are independent of the sensors used for laser stabilization,
allow for a complete characterization of the stabilization performance.

With the optimized laser system presented in Chapter 5, which is suited for the needs of
future GWDs, a squeezed light source is operated to demonstrate the required generation
and efficient detection of squeezed states of light at 1550 nm wavelength in the entire
detection band of third-generation GWDs. Chapter 6 shows the setup and measurement
results with two different squeezed light sources, concluding with the achieved squeezing
levels at MHz frequencies and in the detection band of GWDs.

Finally, Chapter 7 provides a conclusion and an outlook.

1 See appendix A.1 for a note on the terms classical and non-classical.



CHAPTER 2
Laser Systems for Gravitational Wave Detectors

To achieve the design sensitivity of a gravitational wave detector (GWD) requirements
are placed to all its subsystems. These requirements shall ensure that the sum of all
noise sources coupling to the detector is low enough to measure the gravitational wave
strain ℎ (see Equation 1.1) of gravitational waves. This thesis will focus on investigating
two main light sources of a ground-based, interferometric GWD: the pre-stabilized laser
system (PSL), also referred to as laser system, which provides the high power beam for
the interferometric differential arm length sensing and the squeezed vacuum light source,
which helps to overcome the quantum noise limitation of the gravitational wave detection.

Usually, the design of a subsystem places requirements on other subsystems. This leads
to an iterative process of defining requirements for the subsystems (to be discussed in
Section 2.3.1) and ideally results in the best trade-off between optimization efforts at
different systems. Since the detailed design of future proposed GWDs is currently still
under discussion, detailed requirements for their subsystems have not yet been defined.
Nevertheless, the understanding of the limitations in current GWDs helps to predict
important characteristics, which will be needed for the future proposed GWD’s subsystems.
Since the sensitivity of these future GWD shall be improved significantly compared to
current detectors, see Figure 1.2, they will most likely impose more stringent requirements
than the current generation to the subsystems.

This chapter starts by introducing a simplified optical layout of a ground-based, interfer-
ometric GWD. In the same section, two important fundamental noise sources in GWDs
are introduced: quantum noise in Subsection 2.1.1 and coating thermal noise in Subsection
2.1.2. These two noise sources will be the base to understand the requirements for the laser
system investigated in this chapter. The next two sections will focus on the needed laser
system for interferometric GWDs. They will start with basic laser parameters in Section
2.2 and followed by the coupling and stabilization of laser frequency and power noise in a
GWD in Section 2.3. In Section 2.4, the results from the previous sections are related to
the design of laser systems for GWDs.

2.1 Optical layout of a gravitational wave detector
The basic optical layout of the detector has to be considered for further discussion of
the demands on the main laser system. Figure 2.1 shows the sketch of a simplified
optical layout of a GWD like one of the aLIGO [Aas15] or the Advanced Virgo Plus
detector [Ace15; Fla20].

First, the laser beam provided by the laser system is coupled into the main vacuum
system (not shown on the Figure 2.1) of the GWD, which hosts the suspended optics.

5
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Figure 2.1: Simplified optical layout of a typical ground-based gravitational wave detector.
The laser beam is filtered by a suspended mode cleaner cavity and is injected to the main
interferometer. The beam splitter of the Michelson interferometer equally distributes the beam
power to the two interferometer arms, where the laser power builds up in the arm cavities.
A differential arm length change, e.g. from a gravitational wave, results in a signal that is
resonantly amplified by the signal recycling cavity and leaves the interferometer towards the
signal recycling mirror. This leaking signal field is filtered in it’s spacial mode by an output
mode cleaner. For the detection of the signal a photodiode is placed at the transmission port
of the output mode cleaner. For quantum noise improvement, a squeezed state of light can be
injected to the output port of the interferometer via a Faraday isolator.

This beam passes an input mode cleaner cavity, which filters the laser noise at high
frequencies (see Figure 2.4 below), cleans the spatial laser mode, filters the polarization,
and reduces beam pointing noise [Mue16]. The transmitted light of the input mode cleaner
cavity is sent to the Michelson interferometer of the GWD, where the gravitational waves
cause a differential phase modulation of the beams in the two interferometer arms. This
modulation is converted to amplitude modulation at the beam splitter and can then be
detected with the output photodiode. This arm-cavity enhanced Michelson interferometer
is operated close to the dark fringe of the output port. Therefore, most of the laser power
is back-reflected to the input port. To reuse this laser power, the power recycling mirror is
tuned to resonance of the cavity formed together with the interferometer. This leads to a
laser power build up inside the interferometer, which is typically higher than the power at
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the output of the laser system. Furthermore, the arm cavities on resonance additionally
increase the circulating laser power between end mirrors and the inner test masses of the
Michelson interferometer. In the case of the aLIGO detectors, power recycling gains are 44
to 47 leading to up to 240 kW circulating power in the arm cavities, with laser powers of
up to 38 W in transmission of the input mode cleaner [Bui20b].

This laser power enhancement by the arm cavities and power recycling cavity is important
in order to increase the signal-to-noise ratio at the detector readout, due to shot noise, as
it will be explained in the next subsection.

2.1.1 Quantum noise
The classical quantum noise limitations in a GWD can be expressed as the incoherent
sum of the quantum radiation pressure noise (QRPN) and shot noise (SN). They can
both be understood in the photon picture, by the quantum nature of light where the
photons arrival’s time at a certain location follows a Poisson distribution [Sau16]. The
photodetector at the GWD output experience this noise in form of shot noise, which can be
expressed as an equivalent strain ℎSN(𝑓) of a signal detected by the GWD. The quantum
radiation pressure noise is caused by the momentum transfer of the Poisson distributed
photons being reflected at the suspended mirrors of the interferometer. This momentum
transfer in combination with the gravitational restoring force of the suspended mirrors
result in mirror motion. These movements of the interferometer mirrors cause a relative
phase modulation of the beams interfered at the beam splitter that can be expressed as
an equivalent strain ℎQRPN(𝑓). The amplitude spectral densities due to shot noise and
quantum radiation pressure noise can be expressed for a simple Michelson interferometer
with an input power of 𝑃 [Sau16] as

ℎSN(𝑓) = 1
𝐿

√︂
~𝑐𝜆

2𝜋𝑃
, (2.1)

ℎQRPN(𝑓) = 1
𝑚𝐿

1
𝑓2

√︂
~𝑃

2𝜋3𝑐𝜆
. (2.2)

Here 𝑐 is the speed of light, ~ the reduced Planck constant, and 𝜆 the wavelength of the
laser light. The equations show that with increasing averge length 𝐿 of the interferometer
arms, the quantum noise limitations improve. The radiation pressure noise contribution
depends on the measurement frequency 𝑓 following 1/𝑓2 for frequencies larger than the
resonance of the mirror suspensions. In addition to that, the contribution of quantum
radiation pressure noise term decreases with increasing mirror mass 𝑚, but increase with
the square root of the laser power 𝑃 inside the interferometer. In contrast to that, the shot
noise contribution shows no frequency dependence and decreases with an increased laser
power 𝑃 . Hence, the contribution of quantum radiation pressure noise is usually larger
than shot noise at low frequencies.

The quantum noise limitation of a dual recycled Michelson interferometer with arm
cavities, like current operating GWDs, is further shaped by the response of the detector.
This is determined by the pole frequency of the arm cavities as well as the pole frequency
and tuning of the signal recycling cavity. As described above, the arm cavities of the
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Michelson interferometer lead to a significant increase of the laser power 𝑃 used to sense
gravitational waves. But they also limit the response of the detector at frequencies above
the pole frequency of the arm cavities. This can be seen in Figure 2.2 that shows the noise
budget of an aLIGO Michelson interferometer. In that figure, the total quantum noise is
plotted, besides other important noise contributions that limit the sensitivity for detecting
gravitational waves.

The signal-to-noise ratio due to quantum noise can further be improved by injecting
quadrature squeezed states of light in the output port of the Michelson interferometer.
These states of light show a decrease in uncertainty in one of their measurement quadratures,
which are linearized descriptions of the light phase and amplitude, as further discussed
in Chapter 6. Depending on the quadrature in which the quantum noise is reduced, the
shot noise or the quantum radiation pressure noise lowers. This technique is used in
current GWDs [Tse19; Ace19] and was first demonstrated for a large scale GWD in the
GEO600 detector [Aba11].

For future GWDs and the updates of second-generation GWDs, it is proposed to
inject squeezed vacuum states with a frequency depending squeezing angle in order to
reduce the quantum radiation pressure noise at low frequencies and the shot noise at high
measurement frequencies. Thereby, at all frequencies the quantum noise limitation of the
detector can be improved.

Another proposed modification is the update of the readout scheme of GWDs from the
currently used direct current (DC) readout to a balanced homodyne readout [Eva21; ET 20].
In the DC readout scheme the interferometer is operated with a DC offset from the dark
fringe. Hence, a low power light field is leaking to the output port of the interferometer
and this field is used as the local oscillator to enhance the signal sideband detection.

In the balanced homodyne detector (BHD) readout scheme a separate local oscillator
field is overlapped with the signal field at a 50:50 beam splitter in the detector output. This
allows to operate the Michelson interferometer at the dark fringe without a DC offset and
further more to read out an arbitrary quadrature of the signal field [FEF14]. Depending
on the chosen readout angle, quantum noise correlations can cancel the quantum radiation
pressure noise in a small frequency band [Kim01]. By the balanced detection, which is the
detection of the signal at both output ports of the 50:50 beam splitter, technical power
noise of the local oscillator beam can be subtracted. Nevertheless, the complexity of the
readout scheme is increased with the BHD and thereby additional noise sources, like the
phase noise or beam pointing of the local oscillator beam, have to be tackled [FEF14].

2.1.2 Coating thermal noise
Not only the quantum nature of the laser beam adds noise to the GWD readout but also
the effective point of reflection for the laser beam at the interferometer mirrors is noisy
due to thermal noise. A detailed introduction of thermal noise in GWDs can be found
in [Sau16]. In Figure 2.2, the thermal noise contribution due to suspension, substrate and
coating thermal noise (CTN) is shown and it is dominated above 30 Hz by the CTN of the
arm cavity mirrors. This CTN is dominated by Brownian thermal noise of the dielectric
coating on the mirrors. The CTN mitigation is one important criteria for the selection of
the mirror materials and by that the possible laser wavelengths are constrained.
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Figure 2.2: The noise budget of aLIGO Hanford during the O3 is shown, as an example
for the noise budget of second-generation GWDs. The noise is calibrated as an equivalent
to differential arm (DARM) length change. Dividing by the 4 km arm length of the detector,
this would be a equivalent gravitational wave strain ℎ. The calculated noise contributions are
plotted in solid lines and measured noise contributions are shown as dots. The total noise in
the previous observation runs are also shown. This Figure was published in [Bui20b] and the
file source is [Bui20a].

The Brownian thermal noise caused by the dielectric mirror coating can be related to an
equivalent gravitational wave strain as [YGE15; Abb17e]:

ℎCTN(𝑓) ∝
√︀

𝑇 𝑑𝑐𝑜𝑎𝑡𝑖𝑛𝑔 𝜑eff(𝑇 )
𝑤𝑏𝑒𝑎𝑚 𝐿

1√
𝑓

The noise level is proportional to the square root of the coating temperature 𝑇 , its thickness
𝑑𝑐𝑜𝑎𝑡𝑖𝑛𝑔 and the temperature dependent effective mechanical loss angle of the coating 𝜑eff(𝑇 ),
which contains the material parameters of the coating and its structure. With increasing
beam radius 𝑤𝑏𝑒𝑎𝑚 on the mirrors and the interferometer arm length 𝐿 the contribution of
the CTN to the total detector noise decreases. The measurement frequency dependence of
the noise scales approximately with 𝑓−1/2 [GE18].

Different approaches are proposed to lower the thermal noise that already limits cur-
rent GWDs in the mid frequencies of their detection band [Bui20b]. One possibility
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is to increase the beam diameter on the optics, which requires larger optics and vac-
uum tubes but also helps to reduce the quantum radiation pressure noise due to higher
mirror mass (see Equation 2.2). Another approach is the optimization of the coating ma-
terial for a lower effective loss angle and lower coating thickness, e.g. by multimaterial
coatings [YGE15; Cra19].

Furthermore the temperature of the mirrors can be decreased from room temperature to
cryogenic temperatures. As long as with lower temperatures the effective mechanical loss
angle of the coating 𝜑eff(𝑇 ) does not degrade, the CTN reduces. For fused silica mirrors, as
used in the second-generation GWDs, the mechanical loss angle increases with decreasing
temperature but for sapphire and silicon not. Sapphire mirrors are compatible with the
currently used wavelength in GWDs of 1064 nm and are implemented in the first cryogenic
km-scale GWD KAGRA [Aku19]. In comparison to sapphire, silicon is available for larger
mirror sizes but requires a change of the laser wavelength to 1550 nm or to the 2 µm region
for low transmission loss [ET 20; Eva21; Deg13; Adh20].

2.2 Laser system main parameters
Ground-based, interferometric GWDs are significant more complex than the optical layout
presented in Figure 2.1 and have several more noise sources than shown in Figure 2.2.
However, the simplified description along with the thermal and quantum noise will be
sufficient to discuss the requirements imposed on the main laser systems for GWDs
in this section.

The above described optical GWD design and noise limitations constrain the parameters
of the main laser system for the GWD: The wavelength, the spatial mode, and the
power level of the laser beam form the base parameters of a laser system needed for a
GWD. In Tabular 2.1 the wavelength and power level of the laser systems for second and
third-generation ground-based GWDs are compared.

The wavelength defines the spatial oscillation period of the coherent electromagnetic laser
field. Hence, this is the scale for the readout of the Michelson interferometer of a GWD.
The wavelength for a GWD is chosen by the trade-off between good characteristics1 of
available laser sources, low absorption mirror materials, available high quantum-efficiency
photodetectors, and expected light scattering [ET 20; Eva21].

For second-generation GWDs a laser wavelength of 1064 nm was chosen. A non-
planar ring oscillator (NPRO) made from neodymium-doped yttrium aluminum garnet
(Nd:YAG) [KB85] is used as the seed laser for laser amplifiers. The single-pass amplification
in solid state neodymium-doped yttrium orthovanadate (Nd:YVO4) amplifiers was used
in the last and third observing run in current GWDs to reach the needed laser power
levels (see Chapter 3). Some future GWDs take another approach for the improvement
in the mid region and lower frequency range of the detection band: The CTN shall be
decreased by cryogenic cooling of the interferometer mirrors, which shall be therefore made
out of silicon. As silicon shows high absorption at a laser wavelength of 1064 nm, the use
of laser sources at 1550 nm or in the 2 µm region is proposed [ET 20; Rei19b; Eva21].

1 Like available power levels and laser noise, which is discussed in the following sections.
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Table 2.1: Overview of the laser wavelength and power for current and future GWDs.

Current detectors
Detector Wavelength Input powera Comments
aLIGO [Aas15] 1064 nm up to 125 W In O3 limited to less than 40 W

due to radiation pressure induced
instabilities and absorption of the
test masses [Bui20b].

Advanced Virgo
[Ace15]

1064 nm up to 125 W Typically 18 W were injected to
the main interferometer during O3
[Ace19].

KAGRA [LCG09;
Aku20]

1064 nm 75 W Cryogenic cooled sapphire interfer-
ometer mirrors used with 5 W after
O3 [Abb22a; KAG22].

Future detectors
ET-LF [ET 20] 1550 nm 3 W Interferometer with cryogenic

cooled silicon interferometer
mirrors.

ET-HF [ET 20] 1064 nm 500 W Room temperature interferometers
to covering the mid and high fre-
quency detection band.

Cosmic Explorer
[Rei19b; Eva21]

1064 nm or
2 µm

140 W or more Either as a room temperature de-
tector or with cryogenic cooled sil-
icon interferometer mirrors.

a Depending on the injection power loss to the interferometer, about 40 % more laser power is needed
from the laser source.

The spatial profile of the laser beam in current GWDs is the fundamental Gaussian
mode. This mode is an eigenmode of optical resonators with spherical curved mirrors
and is thereby highly compatible with the interferometer optics [BK62]. Because of this
high compatibility with optical cavities and low susceptibility to optics’ imperfections, the
fundamental Gaussian mode profile is also proposed for third-generation GWDs.

The output power level of the laser system in combination with the power recycling gain
and arm cavity power build up has to match the desired quantum noise level, discussed in
Section 2.1.1. Future proposed GWDs take two different approaches on the laser systems to
increase their sensitivities. The first approach, increasing the laser power results in a reduc-
tion of the readout shot noise, which improves the detector sensitivity at the higher detection
frequencies, proposed for the Cosmic Explorer and ET-HF interferometers [ET 20; Eva21].
As a penalty, this will cause an increase in quantum radiation pressure noise at lower
frequencies that can be tackled for example, by increasing the mass of the interferometer
mirrors. The second approach is to operate the interferometer at a lower power level
to improve the quantum noise limited sensitivity at low frequencies, as proposed for the
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ET-LF interferometers [ET 20].
Finally, a reliable long-term operation and stability is required for all of the GWD’s

laser systems, as typical observation runs last more than a year. Necessary readjustments,
repairs, or replacements reduce the amount of science data containing potential gravitational
wave signals. Besides the basic parameters presented in this section, the stability of the
laser frequency and power are crucial parameters of a laser system for GWDs. The coupling
of these technical laser noise sources to the GWD readout and the noise reduction are
discussed in the flowing section.

2.3 Technical laser noise in gravitational wave detectors
High precision measurements usually require the control of several noise sources, which
could disturb or mask the measurement. A common approach is to avoid noise and
fluctuations by e.g. choosing a low noise laser source. The reduction of the coupling to the
measurement signal is another approach, e.g. by the common mode rejection of the noise.
Finally, a stabilization of relevant laser parameters to reach the necessary noise level for the
measurement could be needed, like the here discussed active and passive laser stabilization.

The coupling of technical and fundamental noise sources to the GWD output signal can
be depicted in the so-called noise budget of a GWD. As a typical example of the noise
budget of a current GWD, Figure 2.2 shows the noise budget from the aLIGO Hanford
detector during the O3 [Bui20b]. Based on such noise budgets, it is possible to confirm the
validity of simulated noise coupling models by comparison to the measured noise coupling
strength. Consequently,this can test the set requirements for the subsystems of the current
GWDs. The models for noise coupling paths can further be used to infer couplings for
proposed detectors and the resulting noise requirements for their subsystems.

The laser noise coupling for current and future GWDs are presented in the following
subsections in detail, based on the discussion in references [CMS21], and [Som06; Som07].
The discussion of the noise budget in Figure 2.2 [Bui20b] is constrained to curves relevant
in the context of the laser system.

2.3.1 Frequency noise coupling
The frequency noise of a laser is the fluctuation of its instantaneous frequency, which can
be measured by comparing it to a stable frequency reference. In the context of GWDs
commonly the resonance frequency of optical cavities is compared to the laser frequency.
This can be used to determine the frequency noise of a laser beam, if the optical cavity
resonance frequency is of higher stability. For further discussion of the noise coupling
mechanisms, properties of optical cavities are introduced below.

Figure 2.3 shows the linear configuration of an optical cavity.2 The optical path length
𝑙= 2𝑛𝐿 of the cavity is defined by the refractive index 𝑛 of the medium between the mirrors
and the distance between the mirrors 𝐿. The intra-cavity light power 𝑃𝑖𝑛𝑡𝑟𝑎 of a lossless3

2 For cavities with more mirrors, the parameters of the second mirror can be extended in the formulas by
the properties of the other mirrors, like the multiplication of all reflectivities.

3 Intra-cavity losses can be modeled by a reduced power reflectivity of one cavity mirror.
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Figure 2.3: Schematic view of a laser beam coupled to an optical cavity. Main characteristics
of the cavity are defined, by the distance 𝐿 between the mirrors, the power reflectivities 𝑅1,
𝑅2 of the mirrors and their power transmissivities 𝑇1, 𝑇2. The curvature of the mirrors define
the stability, resonance conditions and beam parameters of the resonating modes in the cavity.

cavity can be calculated to be [Bon16]:

𝑃𝑖𝑛𝑡𝑟𝑎 = 𝑇1

1 + 𝑅1𝑅2 − 2
√

𝑅1𝑅2 cos(2𝜋𝑙/𝜆)
, (2.3)

with the power reflectivities 𝑅1, 𝑅2 of the mirrors, their power transmissivities 𝑇1, 𝑇2
and the wavelength of the laser light 𝜆. The power in transmission of the cavity is then
𝑃𝑡𝑟𝑎𝑛𝑠= 𝑇2𝑃𝑖𝑛𝑡𝑟𝑎. The resonance condition is reached, if the round trip length 𝑙 is an
integer multiple of the wavelength 𝜆.4 Hence, either the cavity length can be adjusted
accordingly to match the laser wavelength or the laser wavelength can be changed to match
the cavity resonance condition.

The distance between two consecutive resonances can be expressed in laser frequency
change, called the free spectral range (FSR):

FSR = 𝑐

𝑙
, (2.4)

with the speed of light 𝑐. The linewidth of the resonance can be characterized by the full
width at half maximum (FWHM) of the resonance peak or its pole frequency 𝑓𝑝= FWHM/2
of the cavity [Bon16]:

𝑓𝑝 = FSR
𝜋

arcsin
(︂

1 − √
𝑅1𝑅2

2(𝑅1𝑅2)1/4

)︂
. (2.5)

The ratio between the FSR and the FWHM defines the finesse F= FSR/FWHM of the
cavity. The finesse is proportional to the effective number of round-trips for the light in
the cavity.

To stabilize the laser frequency or the cavity length to resonance, different readout schemes
for the resonance condition can be used [Dre83; HC80; SGM99]. The Pound–Drever–Hall
(PDH) technique [Dre83] is most common in the GWD context. Here, a linear error signal for

4 For Gaussian eigenmodes of the cavity, an additional phase term, the Gouy-phase modify this resonance
condition depending on the transversal mode order [Bon16].
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the mismatch between the cavity resonance and the laser frequency is generated within the
FWHM of the resonance peak. For that, a single frequency phase modulation is imprinted
on the input beam and the reflected power measurement is demodulated at the same
frequency. With appropriate adjustment of the demodulation phase the generated error
signal can be used in a feedback control loop to preserve the resonance condition between
laser and cavity. In a feedback control loop, the error signal is electronically feed-back to
an actuator, which change the laser frequency to reduce the measured error, as discribed
in more detail in Section 3.4.1. The error signal also contain the necessary information to
derive the frequency noise of the laser relative to the cavity resonance frequency.

The amplitude spectral density [Ben10] of the frequency noise 𝑆𝜈 is directly related to
the amplitude spectral density of the phase noise 𝑆𝜙 by

𝑆𝜈 = 𝑆𝜙 · 𝑓 . (2.6)

where 𝑓 is the measurement Fourier frequency. Frequency and phase noise describe the
same physical noise process. In this thesis, the laser frequency noise description is used
because of the proportionality of the PDH error signal to it at frequencies below the cavity
pole 𝑓𝑝 [Bla01].5

The frequency noise could cause a signal at the GWD output that mimic the signal of
a differential arm length change of the Michelson interferometer. This effect could mask
a gravitational wave detection. To prevent this, the coupling factor from the frequency
noise of the input laser field to the GWD output signal have to be low enough. As an
example, the frequency noise coupling to the GWD readout is shown in the noise budget
of the aLIGO Hanford (see Figure 2.2). It is derived by the measured frequency noise
𝑆𝜈 in the interferometer input multiplied by a coupling function. The frequency noise in
the interferometer is measured at the reflection of the coupled-cavity consisting out of
the power recycling mirror and the arm cavities, using the PDH technique. The coupling
function is derived by adding an excitation to the laser frequency and monitoring the
coupling to the interferometer output signal. The increase of the output signal’s power
spectrum is normalized by the power spectrum of the excitation and results in the coupling
function for the power spectrum of the laser frequency noise [Bui20b].

In an ideal Michelson interferometer, with two identical arms, the effect of frequency
noise of the laser beam is suppressed by a perfect common mode rejection at the output
port [CMS21]. In current and future GWDs the intended and unintended asymmetries
between the detector arms lead to a limited common mode rejection of the frequency noise
and thereby to a coupling of frequency noise to the GWD’s readout. In [CMS21] a model

5 Above the pole frequency of the optical cavity the PDH signal is proportional to the phase noise of the
mismatch between cavity resonance and the laser light.
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for the laser frequency noise coupling in the aLIGO Hanford is presented:

𝛥ℎ𝜈

𝛥𝜈
(𝑓) = 𝜆

4𝜋𝑓𝑝𝐿

1 + 𝑟𝑎

𝑟′
𝑎

1
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×
[︂
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+ 𝑘H𝑂𝑀

𝐿

(2.7)

The coupling is expressed by the transfer function from a laser frequency modulation 𝛥𝜈 to
the gravitational wave strain signal 𝛥ℎ𝜈 . The arm cavities are described by their average
pole frequency 𝑓𝑝, the difference between the pole frequencies 𝛿𝑓𝑝, the average arm cavity
amplitude reflectivity 𝑟𝑎 on resonance (which is close to one), and the difference between
the arm cavities 𝛿𝑟𝑎. In addition, the derivative of the arm reflectivity with respect to the
round trip phase 𝑟′

𝑎 is used. The coupled pole frequency of the power recycling cavity with
the arm cavities is 𝑓𝑐𝑐. 𝐿 is the arm length of the interferometer. The Schnupp asymmetry
of the interferometer 𝑙𝑠𝑐ℎ give its macroscopic arm length difference, which is commonly
at a few centimeter for radio frequency (RF) sideband transmission. The factor 𝑘H𝑂𝑀

describes the frequency noise coupling caused by higher order modes (HOMs) in the inner
Michelson interferometer.

The laser’s frequency noise is low pass filtered by the power recycling cavity above its
pole frequency6 𝑓𝑐𝑐, which is 0.6 Hz for the aLIGO Hanford interferometer. The residual
noise couples via the difference of the reflectivity of the two arm cavities 𝛿𝑟𝑎, the difference
of their pole frequencies 𝛿𝑓𝑝 and the Schnupp asymmetry 𝑙𝑠𝑐ℎ to the gravitational wave
measurement signal. For the aLIGO Hanford detector it was found, that the difference of up
to 5 % in pole frequencies of the arm cavities is clearly the main coupling effect for the laser
frequency noise. The other factors seem to be more than a factor of 1000 below [CMS21].

A frequency independent coupling path is introduced by higher order laser modes,
originated from imperfections in the signal and power recycling cavities. These modes
get completely reflected from the arm cavities and therefore dismiss the low-pass filter
effect above 0.6 Hz of the coupled cavity pole. Back conversion to the fundamental mode,
e.g. due to a mode mismatch between the arm cavity modes, let them interfere at the
output port with the signal field. This effect limits the common mode rejection for the
frequency noise above 1 kHz in the aLIGO Hanford. To reduce this effect, output mode
cleaner cavities are installed in GWDs in front of the detection photodiodes.

Besides for the coupling to the sensitivity of GWDs, a pre-stabilization of the laser
frequency is required for the aLIGO interferometers for successful lock acquisition of the
high finesse arm cavities, because the free running laser noise of currently used lasers are
to high for direct lock acquisition [CM22].

In future ground-based Michelson interferometer GWDs the same frequency noise coupling
paths will appear. Beyond improving the symmetry in the two interferometer arms, it
will be necessary to lower the laser frequency noise of the laser beam coupled to the

6 See passive noise filtering in Section 2.3.2.
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interferometer. If the other parameters stay similar, the higher order laser mode coupling
will be dominating at lower frequencies, for longer detectors with lower coupled-cavity
pole frequencies.

2.3.2 Frequency stabilization
Besides the optimization of the GWD’s enhanced Michelson interferometer symmetry for a
high common mode rejection of the laser frequency noise, it is still necessary to stabilize
the laser frequency. Therefore, the laser frequency is pre-stabilized before coupling to the
Michelson interferometer and in a second step it is stabilized to the cavities in the enhanced
Michelson interferometer. This laser frequency stabilization is typically done in multiple
nested active and passive stabilization stages.

Passive noise filtering
The frequency noise and power noise of the intra-cavity field is filtered above the pole
frequency of an optical cavity. Thus, also in transmission of the cavity on resonance the
noise is reduced. This passive filter effect is shown as a transfer function in Figure 2.4.
The passive noise suppression is reduced around and vanishes at frequencies, which are a
multiple of the cavity’s FSR.

In most current operating GWDs the passive noise filtering is performed in two stages:
the pre-stabilized laser system uses a rigid mode cleaner cavity, which filters the noise at
MHz frequencies. This typical lab size rigid cavities, like the pre-mode-cleaner in Chapter 5,
have a pole frequency in the higher kHz range and their free spectral range is in the mid
MHz band or higher. Inside the main vacuum system of the GWDs long input mode
cleaner cavities show relevant noise suppression already at kHz frequencies. But only
the coupled cavity of the power recycling mirror and the arm cavities filters noise in the
full detection band of a GWD, this pole frequency is e.g. for the aLIGO interferometers
at 0.6 Hz [CMS21].

Active stabilization
The passive noise reduction by optical cavities is not enough to lower the technical laser noise
in the detection band of current and third-generation GWDs. Hence, active stabilizations
are additionally used. These active feedback stabilizations sense a laser parameter and
send a correction signal back to an actuator.

For an active frequency stabilization scheme, the frequency mismatch between the laser
frequency and a resonance frequency of an optical cavity is first measured. This measured
signal, the so-called error signal, is amplified and send back as the control signal to a laser
frequency (or phase) actuator. The feedback stabilization scheme is explained in more
detail in Sections 3.4.1 and 4.3.

The introduced PDH sensing scheme is fundermentally limited by shot noise at the
photodiode in reflection of the cavity. To reach this limit, the technical laser noise at
the RF modulation frequency has to be below the sensing shot noise [Dre83; CMS21].
Furthermore, shot noise from reflected light on resonance add incoherently. This reflected
light comes typically from an imperfect impedance matching of the cavity and higher order
spatial modes, which are not resonant in the cavity [Bon16].
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Figure 2.4: The transfer function of an optical cavity from power or frequency modulation
sidebands of the laser input field to the field in transmission (red curve). This transfer function
depicts the passive filter effect on laser noise, when the laser beam is transmitted through an
optical cavity on resonance. At frequencies below half of the FSR a good approximation is
a first order low pass filter with the cavity pole frequency as corner frequency (black curve).
The cavity FSR and the pole frequency are taken from the parameters of the later introduced
pre-mode-cleaner of the 1550 nm laser system, see Chapter 5. The filter function of cavities
are e.g. further described in [Bon16].

The shot noise limit of the PDH detection in terms of an equivalent frequency noise
spectral density is [CMS21]:

𝑆𝜈,𝑃 𝐷𝐻(𝑓) =
√︂

4𝜋~𝑐

𝜆𝑃

√︂
3
2 + 𝜀

2
𝛤 2 |𝑓𝑝 + i𝑓 | , (2.8)

where the first square root is the relative shot noise of the input beam with power 𝑃
and wavelength 𝜆. The factor 𝜀 is the relative reflection power of the beam due to a
limited impedance matching and higher order modes. For the best noise limit, the phase
modulation index 𝛤 is adjusted so that the relative reflected power in the sidebands is
similar to 𝜀 resulting in 𝜀 2

𝛤 2 ≈ 1 [CMS21]. At low frequencies, the shot noise limit of the
PDH sensing is frequency independent and above the pole frequency of the cavity 𝑓𝑝 it
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rises with the measurement frequency 𝑓 .
The shot noise limit for the frequency sensing in Equation 2.8 describe the fundamental

limitation for an active feedback stabilization of the laser frequency to a stable optical
cavity with pole frequency 𝑓𝑝.

Considerations on frequency stabilization in gravitational wave detectors
Several limitations for laser frequency stabilizations in GWDs have to be considered: Ideally,
the input laser beam must be shot noise limited at the phase modulation frequency for
the PDH error signal. Passive noise filtering by a cavity is often used to achieve this. The
detectable power by a photodiode is typically limited to less then 100 mW. Depending
on the input power 𝑃 and the reflection factor 𝜀, it is required to attenuate in front of
the photodiode, which degrades the shot noise limit by the square root of the power
attenuation factor. The electronic noise of the sensor and demodulation circuit could
further degrade the performance.

The feedback control loop stabilizes the laser frequency to a resonance frequency of the
cavity. Cavity’s length fluctuations are coupled to the resonance frequencies and, thus, are
imprinted by the feedback control on the laser frequency. Therefore, the stability of the
reference cavity is crucial to achieving a high laser frequency stability by active stabilization
to that reference.

A stable feedback control loop’s highest achievable stabilization bandwidth is limited by
delays in the control loop and in the case of very long cavities, like the GWD’s arm cavities,
by the cavity’s free spectral range frequency. Hence, the best is to start with fast active
stabilization and then passively filter with low pole frequency cavities. This is implemented
in current GWDs and is also the proposed design for future GWDs [Kwe12; CMS21].

Within the detection band of the GWD, the final feedback stabilization loop for the
laser frequency uses the error signal of the coupled-cavity of the enhanced Michelson
interferometer. For current and future GWD, the signal-to-noise ratio of the error signal
can further be improved by mode filtering in front of the stabilization photodiode and
better impedance matching of the power recycling cavity. Additionally, redesigning or
omitting the pre-stabilization to a fixed spacer reference cavity with a laser frequency
shifter could reduce noise. Especially the so-called whistle glitches that are attributed to
the beat between two radio frequency signals with crossing signal frequencies. They were
found to partially be caused by the beat signal between the oscillator used for the laser
frequency shifter and other interfering signals, like radio station signals [Kwe12; Bui20b].

2.3.3 Power noise coupling
The technical power noise coupling in Michelson interferometers shows many similarities
to the coupling of technical frequency noise. For an ideal, totally symmetric Michelson
interferometer operated at the dark fringe, the technical power noise of the laser does not
couple to the readout. Hence, again the asymmetries of the interferometer result in a finite
common mode rejection of the power noise.

These asymmetries cause according to Equation 17 and 66 in [Som06; Som07] the
following coupling: The coupling to the readout signal of the GWD can happen via the
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imbalance of the transfer function of the two arm cavities7, defined by their pole frequencies
and the reflection at the arm cavities. In addition, radiation pressure noise originating
from technical laser power noise, excited differently in the two interferometer arms, by
mirror mass differences, different intra-cavity laser powers or pole frequency differences
add new coupling paths compared to the frequency noise coupling. Similar as for the
frequency noise, the power noise of the laser system is filtered by the coupled-cavity pole
of the enhanced Michelson interferometer.

As with noise coupling of frequency noise, there could also be a coupling term that is
not filtered by the coupled cavity. This coupling is explained for the frequency noise by
higher order modes (see 𝑘H𝑂𝑀 in Equation 2.7), reflected by the arm cavities and being
back converted to the detection mode. Power noise of these modes would couple as well to
the readout of the interferometer.

An additional coupling path arises, when operating the interferometer at a DC offset
from the dark fringe. Then the laser power noise can couple proportion to the DC offset.
In case of proposed balanced homodyne detection of the output signal as a replacement for
the DC offset readout scheme,8 the power noise of the local oscillator can be suppressed by
the common mode rejection of the balanced homodyne detection. See Section 6.1.3 for a
more detailed discussion on power noise coupling to balanced homodyne detection.

Laser beam pointing could generate additional power noise of the laser beam inside the
detector. Beam pointing leads to fluctuations of the coupling to the resonating mode,
which causes power noise of the intra-cavity power and thus power noise in transmis-
sion of the cavity.

As already mentioned in the previous section, power noise at the PDH phase modulation
frequencies for error signal generation could degrade the quality of the error signals and
thereby indirectly degrade the sensitivity of the GWD [CMS21].

2.3.4 Power stabilization
In the context of this thesis, the power noise is measured as an amplitude spectral density
𝑆𝑃 and is normalized by the average laser power 𝑃 to

𝑆rpn = 𝑆𝑃

𝑃
, (2.9)

the so-called relative power noise. The advantage of this quantity is that the spectral
density of technical power noise is independent of the absolute laser power used for the
measurement. Hence, classical attenuation or amplification of the laser power does not
change the technical noise spectral densities as long as the process does not add excess noise.

Similar as for the frequency noise, the frequency band of most importance for the power
noise is the detection band of the GWDs. Nevertheless, the power noise at the phase
modulation frequencies used for the error signal generations for the detector control and
the slow power drifts have to be low enough, to ensure the desired operation of all feedback
control loops of the GWD.

7 The shape of this transfer function is similar to the inverse of the transfer function shown in Figure 2.4.
8 See end of Section 2.1.1.
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Passive noise filtering
For passive stabilization, optical cavities on resonance filter the power noise of the input
beam by their transfer function, see Figure 2.4. This technique is applied in GWDs with
mode cleaner cavities in front of the interferometer. These cavities simultaneously filter
frequency and power noise above their pole frequencies. The first, a rigid mode cleaner, the
pre-mode-cleaner on the laser table, reduces the laser noise at MHz frequencies. The pole
frequency of the pre-mode-cleaner is designed to ensure a shot noise limited laser noise
at the MHz phase modulation frequencies, which are used to generate error signals for
stabilization of the interferometer. In the GWD’s vacuum system, the input mode cleaner
filters the laser beam above its pole frequency, which is in the lower kHz range [CMS21]. In
addition, active stabilization must be used because passive noise reduction is not sufficient
to decrease the laser power noise to the required level.

Active stabilization
The quantization of the light field, which can be depicted as the Poisson distribution of
the photons limit the precision of the power measurement. This quantum noise limitation,
the shot noise of the measurement, written as relative power noise is:

𝑆relSN =
√︂

4𝜋~𝑐

𝜆𝑃
(2.10)

It is a frequency independent noise that depends on the photon energy 2𝜋~𝑐/𝜆 and the
absolute laser power 𝑃 . This is the classical power noise limit of a laser beam with power 𝑃 .9

As sensors for the power stabilization, photodiodes with transimpedance amplifiers
that convert the photocurrent into a voltage signal, are used. The power measurement
with a photodiode is a destructive measurement, as the photons are absorbed in the
semiconductor of the photodiode. Therefore, only a fraction of the main laser beam can be
sent to these power sensors.

From the photodiode signal a constant reference signal is subtracted to generate the
error signal for a feedback stabilization. The feedback is send to a power actuator, which is
placed in the main beam prior the sensing pickoff, see Section 3.4 for a detailed explanation.
There are two kinds of actuators: bidirectional actuators, which can increase and lower the
laser power, like actuation on the gain of a laser amplifier and others, which can only lower
the laser power and therefore have to be operated at an offset to also compensate for a
power decrease on the sensor.

Active power stabilization can also compensate the slow power drifts of the laser power.
Similar to the frequency stabilization, the active power stabilization is typically limited
by sensing noise, the achievable bandwidth of the feedback control loop, and its noise
suppression. Besides the shot noise in Equation 2.10, sensing noise can be caused e.g.
by beam pointing coupling to a spatial dependent responsivity of the power sensor used
for stabilization [Bui20b].

9 With non-classical states, like squeezed states of light this limit can be surpassed [Vah18].
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Considerations in gravitational wave detectors
The power noise of the laser beam injected to the enhanced Michelson interferometer of a
GWD is passively filtered by its coupled cavity. Therefore, highest requirements to the
power stability of the injected laser beam are placed in the lower detection band, as there
the passive filter effect from the coupled cavity is the smallest.

In addition, the mode cleaner cavities act as a reference for the laser mode and thereby
beam pointing noise10 is converted to power noise in transmission of it. This laser power
noise is sensed behind these cavities together with the power noise originating from the
laser source. The total laser power of the transmitted beam can be suppressed with active
stabilization [Mue05; Avi06; Wil08].

In current laser systems, the laser power is pre-stabilized within air photodiodes with a
high control bandwidth to reduce the necessary loop gain for the subsequent final power
stabilization. Behind the input mode cleaner, power sensors are placed in vacuum for
final stabilization [Kwe12]. For the final power noise levels close to 1 × 10−9 Hz−1/2 are
anticipated in the detection band of the GWD, which require detected photocurrents in the
200 mA range to reach the required shot noise level, as well as careful stray light shielding
and beam pointing control on the sensors [Kwe09; KWD09; Cle21].

This high photocurrent start to exceed the damage threshold or low noise operation
range of single photodiodes [Sei10]. As an alternative, the laser beam can be distributed
on several photodiodes arranged in an array. The signals of the transimpedance amplifiers
of the individual sensors are then added and, after the subtraction of a reference signal,
used as the error signal for feedback stabilization [KWD09]. The achievable noise level
with this technique is limited, because the relative shot noise lowers with the square root
of the sensed power. A noise improvement of a factor of 10, which could be necessary for
future GWDs if the power noise coupling stay similar to current GWDs, would increase
the needed power for the power stabilization to the 20 W level. Hence, arrays of 100 to
400 photodiodes are necessary and a significant part of the total laser power is lost.

New concepts for power noise sensing are proposed to overcome this problem. Squeezed
light enhanced power sensing can lower the shot noise limit of the detection without
an increase of the photocurrent [Vah18]. Optical AC coupling sense the power noise in
reflection of an impedance matched cavity and thereby reduce the total power sensed with
the photodiodes but not the noise signal [KW19]. Indirect power sensing techniques, like
via radiation pressure could offer another non destructive way of power sensing for high
laser powers [Ner21; Ner22].

2.4 Laser system design
The Michelson interferometer of a GWD is highly complex. Thus many technical and
fundamental noise couplings can limit its sensitivity. Current and future ground-based GWD
designs are fundamentally limited by quantum and coating thermal noise in most of their
detection band, as discussed in subsections 2.1.1 and 2.1.2. Besides the requirements for
other subsystems of the GWD, the main laser system has to fulfill some basic requirements

10 Also named beam jitter noise.



22 Chapter 2 Laser Systems for Gravitational Wave Detectors

on output power, laser wavelength, and mode shape. These basic parameters of the laser
system and their impact were discussed in Section 2.2.

Two factors determine if technical laser noise is limiting the sensitivity of a GWD: the
noise amplitudes of the input laser beam and the coupling factors to the differential arm
length measurement. This connection between input laser noise and its coupling results
in an relation of the laser system’s requirements for the technical laser noise and the
interferometer optics and layout, which defines most of the noise coupling factors by their
asymmetries, see Section 2.3. For example, the optical design decision to use wedged
input test masses or plane ones, which show etalon effects [Hil08], could be influenced by
the expected laser noise, while expected asymmetries between the arm cavities result in
constraints for the laser noise amplitude to reach the proposed sensitivities.

These consideration resulted in requirements for the laser system of current GWDs, like
for aLIGO [Wil11]. Especially the laser frequency noise and power noise are constrained.
Here, the laser systems embed the fast active stabilizations and actuation inputs for the
stabilization to references in the main vacuum system of the GWD. Therefore, it is called
the pre-stabilized laser system (PSL).

This thesis presents the improvements for pre-stabilized laser systems of current GWDs
and the developed prototype of a stabilized laser system for future GWDs, as well as the
generation of squeezed states of light for the demands of future GWDs. The following
three chapters present the results of experiments that characterize and stabilize the laser
noise of the laser system for GWDs. In Chapter 3 laser sources at 1064 nm wavelength are
investigated for current GWDs followed by experiments at 1550 nm wavelength for future
GWDs with silicon interferometer mirrors in the next two chapters. Active, high bandwidth
stabilizations are investigated that allow the injection of control signals generated from
a sensor in the main vacuum system of the GWD. In Chapter 6, the stabilized laser
system is used to generate squeezed states of light in the whole detection band of ground-
based interferometric GWDs.



CHAPTER 3
Nd:YVO4 High-Power Master Oscillator Power-Amplifier Laser System
for Second Generation Gravitational Wave Detectors

This chapter reports on the characterization, integration and stabilization of solid-state
laser amplifiers in a laser system environment of second-generation gravitational wave
detectors (GWDs), which are the current generation of GWDs at the time of writing of
this thesis. The laser system provides the high power and stabilized laser beam for the
interferometric gravitational wave measurement in the vacuum system of the GWD.

In current GWDs laser systems at 1064 nm wavelength are integrated to provide the
laser beam for gravitational wave detection [Kwe12; Bod20] [Ace15; CCK19] [Aku20]
[Doo16]. They are based on a non-planar ring oscillator (NPRO) seed laser [KB85]. The
seed laser output power is then amplified to the required power level. Three different laser
amplification concepts are considered for GWDs’ laser systems:

• A single-pass amplification of a free space laser beam passing through a pumped
solid-state laser medium to increase the laser power by stimulated emission,

• an amplification by an injection locked laser resonator, which was used in the
original Advanced Laser Interferometer Gravitational-Wave Observatory (aLIGO)
pre-stabilized laser system (PSL) to reach the requested output power [Win11]. Here,
the active laser media was placed inside a resonator, which is tuned to resonance of
the injected seed laser by an active length stabilization, and

• fiber amplifiers, which are considered for future GWDs to enable an even higher
output power [Wel20; Hoc21]. The optical fibers are doped, to not only guide the
laser light, but also to serve as the active laser media for laser amplification.

The complexity of the control and optical setup of injection locked laser resonators
made their operation and noise mitigation challenging in the past. While fiber amplifiers
are considered in proposals for current GWDs [Ace15], they have not jet proven their
long-term stability and reliability in a stabilization environment convincing enough for
current GWDs, like aLIGO. In addition to that, due to thermal and control issues of the
GWDs’ interferometer optics, laser powers well below 100 W are injected to the interfer-
ometer [Bui20b]. Hence, improved single-pass neodymium-doped yttrium orthovanadate
(Nd:YVO4) amplifiers became an option to replace or extent former laser amplifiers, like
the injection locked laser resonator at aLIGO [Win11].

To investigate the potential of these amplifiers, a detailed characterizations of two
different single-pass Nd:YVO4 power amplifiers is performed, presented in Section 3.2 and
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the integration into a copy of the laser stabilization environment of a GWD’s laser system
is demonstrated and reported in Section 3.3. Using a pump-power actuation in one of the
amplifiers, a power stabilization without an external laser power actuator was demonstrated
at high laser power levels in Section 3.4. These results are published in Optics Letters
[Thi19] and paved the way to the integration of these amplifiers in current GWDs [Bod20;
CCK19; Aku20]. The content of this chapter is closely based on the publication [Thi19]1
with the addition of a detailed description of the active feedback power stabilization in
Section 3.4 and an outlook that take recent publications into account.

3.1 Experimental setup
A copy of the aLIGO PSL [Kwe12], called the reference system, was used as the environment
to tests two slightly different solid-state Nd:YVO4 amplifiers. The first amplifier was a
neoVAN-4S and the second a neoVAN-4S-HP, both manufactured by neoLASE.

to DBB
neoVAN-4S(-HP)

λ/2
Nd:YVO�4

crystals

Pump
optics
Pump
diodes

Lenses

Faraday
isolator

NPRO laser

aLIGO MOPA
to DBB

Output

Figure 3.1: Schematic setup of the light power amplifier system with the aLIGO master
oscillator power amplifier (MOPA) laser as the seed source, which hosts another four stage
Nd:YVO4 solid-state amplifier [Fre07]. A fraction of the light from the aLIGO MOPA laser
and from the neoVAN amplifier is used for characterization with the diagnostic breadboard
(DBB). Modified figure from [Thi19].

The neoVAN-4S and neoVAN-4S-HP amplifiers consist of four Nd:YVO4 crystals. Each
crystal is pumped with a fiber-coupled laser diode, as depicted in Figure 3.1. The crystals
of the neoVAN-4S amplifier are optimized for the used pump wavelength of 808 nm, while
the crystals of the high power (HP) version are optimized for the pump wavelength of
878 nm. For the neoVAN-4S a pump power of 30 W to 35 W of the maximal available 45 W
per crystal is used with standard current drivers. The neoVAN-4S-HP amplifier uses 50 W
to 55 W of the maximal available 65 W per crystal with external low-noise current supplies
for the laser diodes. Both amplifier types are seeded with s-polarized laser light at 1064 nm
wavelength and in the fundamental Gaussian mode. Their laser heads, as well as the pump

1 The first author is Fabian Meylahn, birth name Thies.
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laser diodes are water cooled.
A master oscillator power amplifier (MOPA) laser of the aLIGO laser system [Win11; Fre07]

is used as seed laser for the investigations of the neoVAN amplifiers and the diagnostic
breadboard (DBB) [KW08] of this system is used to characterize the amplified laser beams
(see Figure 3.1).

The DBB performs a fully automated characterization of the lasers by measuring its
higher order mode (HOM) content, relative power noise, frequency noise and pointing
noise of the laser beam relative to an acoustically shielded Fabry-Pérot ring cavity. The
length of the cavity is stabilized to the laser frequency and the input beam alignment is
stabilized to the fundamental eigenmode of the cavity. The error and control signal of the
feedback control loops were used to calculate the amplitude spectral density of the noises in
a frequency range from 1 Hz to 10 kHz, which is the most relevant range for current GWDs.
In addition, the measurement of the higher order spatial mode content is performed by
multiple length scans over the free spectral range of the cavity.

3.2 Characterization
The neoVAN-4S amplifier was tested with a seed power of 28 W. For this test, the total
HOM content of the seed laser was 7.1 %. This resulted in an amplified output power
of 72 W in linear polarization with a HOM content of 10.7 %, measured with the DBB.
This neoVAN amplifier was sent to and installed at one of the aLIGO detectors after
characterization.

Furthermore, two neoVAN-4S-HP amplifiers were operated and tested with output
powers of 111 W and 114 W. The first one was afterward used at the Virgo GWD and the
second one was characterized in detail for more than 45 days in our lab. The performance
data of the second amplifier is hereby presented.

For the neoVAN-4S-HP test the power of the seed beam was reduced to 27 W, in order
to reduced its HOM content to 2.7 %. With this seed beam the output beam of the
neoVAN-4S-HP amplifier was analyzed to have only 2.9 % HOM content and an optical
output power of 114 W.

In Figure 3.2, the output power of the neoVAN-4S-HP amplifier is shown as a function
of the seed power. The extracted power computed as the power added by the amplifier to
the seed power is higher than 80 W for seed powers above 5 W. For this measurement, the
seed power was attenuated by a half wave plate and polarizing beam splitter combination.

To purify the spatial beam profile and reduce beam pointing, the beam of GWD lasers
are filtered by pre-mode-cleaners (PMCs) [Kwe12]. Hence, the amplified beam was coupled
to an aLIGO PMC. The measured transmitted power through the PMC is plotted as an
additional data set in Figure 3.2.

For different seed powers no realignment of neither the amplifier nor the cavities down-
stream the amplifier was necessary. A complete set of DBB beam characterization measure-
ments was performed for different seed powers (1.7 W, 12 W and full seed power). Here,
the results for the neoVAN-4S-HP seeded with 27 W in blue and the neoVAN-4S seeded
with 28 W in red are presented. The measurements of the corresponding seed laser beams
are plotted in dotted lines.

The relative power noises are shown in Figure 3.3. At low frequencies the transfer
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Figure 3.2: The output power of the neoVAN-4S-HP amplifier and the power transmitted
by a pre-mode-cleaner (PMC) filter cavity are shown as a function of the seed power. The
difference between the power after and before the amplifier (extracted power) is nearly constant
for seed powers above 5 W. Figure from [Thi19].

function from seed power fluctuations to the output power of largely seed power saturated
amplifiers is much smaller than the transfer function of pump power fluctuations to the
output power [NM02; TWF05]. Hence, the power noise at the output of the neoVAN
amplifiers is most likely dominated by fluctuations in the power of the pump laser diodes
and correspondingly by fluctuations of their current source. For the investigations of the
neoVAN-4S-HP the standard power supplies of the laser diodes (used for the neoVAN-4S
measurement) were replaced by low-noise Delta SM800 power supplies. Due to unavailable
data on the pump light fluctuations and on the saturation level of the different amplifier
stages, no quantitative pump-light noise projection was possible. Nevertheless, the mea-
surements clearly indicate the benefit of a lower noise power supply. As a complementary
plot, Figure 3.4 shows a measurement of the relative power noise of the neoVAN-4S-HP for
frequencies up to 100 MHz.

The free running frequency noise at the output of the amplifiers was characterized using
the DBB and is shown in Figure 3.5 in comparison to the free-running noise of the seed
laser. In the full measured Fourier frequency band, the frequency noise at the output of the
amplifiers is similar to the noise of our aLIGO MOPA laser, which is close to the typical
NPRO seed laser noise [KW08].

The beam pointing was measured with the automatic alignment system of the DBB.
The quantity 𝜀(𝑡) = 𝛿𝑥(𝑡)/𝑤0 + i𝛿𝛼(𝑡)/𝛩𝐷 was used, with the transverse shift of the beam
𝛿𝑥(𝑡) normalized by the beam waist radius 𝑤0 and the tilt 𝛿𝛼(𝑡) normalized to the half
divergent angle of the beam 𝛩𝐷 to quantify the relative beam pointing. The pointing noise
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Modified figure from [Thi19].
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laser beam from the neoVAN-4S-HP (solid line) and of the corresponding seed laser beam
(dotted line) for Fourier frequencies up to 100 MHz. Beyond 20 MHz the measured noise is
close to the relative shot noise of the detected photocurrent (3 × 10−9 Hz−1/2). The peak at
35 MHz corresponds to modulation sidebands used for the feedback control loops. Modified
figure from [Thi19].
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measured with the DBB. The frequency noise curves of the free-running amplifiers (solid lines)
are mostly dominated by the frequency noises of the seed laser (dotted lines) and are close to
the typical frequency noise of NPRO lasers. Modified figure from [Thi19].
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spectral density over the Fourier frequency. The pointing noise of the amplifiers (solid lines) is
dominated by the pointing noise of the seed laser (dotted lines). Modified figure from [Thi19].
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measurements were taken at +45° and −45° Gouy phase position, corresponding to the
readout of 𝜀(𝑡) projected under these angles. By measuring the pointing in the horizontal
and vertical directions, 4 noise spectral densities were recorded in total [KW08]. As shown
in Figure 3.6, the pointing noise of the amplified beams is close to the low noise level of the
seed laser. The pointing noise of the neoVAN-4S-HP was analyzed in daily measurements
over 45 days and did not show significant variations.

The noise characterization of the neoVAN amplifiers in this section showed their potential
for the use in second-generation GWD’s main laser system. Especially the neoVAN-4S-HP
with the low noise power supplies, show a very good beam profile, lowest noise and higher
output power. To confirm the long-term reliable operation and the possible implementation
into the laser (pre-)stabilization of a GWD, one neoVAN-4S-HP was integrated into a
reference system of the aLIGO PSLs. The results of this integration are described in next
section.

3.3 Integration of a neoVAN-4S-HP into an aLIGO pre-stabilized laser system
For further testing, one neoVAN-4S-HP amplifier was implemented into a copy of the
aLIGO PSL. The PSL contains the laser source with amplifiers but also host the laser
pre-stabilizations and interfaces for integration into the full GWD [Kwe12]. The laser
frequency and power are actively stabilized with interfaces for outer nested feedback control
loops, the laser beam is filtered by a PMC, and the system is automated using a computer
control and data acquisition system.

The integration of the neoVAN amplifier into the aLIGO PSL required only a simple
modification of the optical beam path. This modification routes the aLIGO MOPA into the
neoVAN amplifier and its output beam into the original high power beam path towards the
aLIGO PMC. As this PMC serves as the spatial interface towards the main interferometer
and the power and frequency stabilization subsystems. Thus, a matching of the neoVAN
output beam to the PMC simultaneously provides a good alignment to these systems.
Such a modification was performed at the aLIGO PSL reference system. All PSL feedback
control loops could be engaged without major modification and achieved the stability
requirements of aLIGO.

The output power of the neoVAN-4S-HP amplifier and the transmitted power through
the PMC are shown in Figure 3.7 for an operation time of about 45 days. The average
transmitted power through the PMC is 95 % of the incident power.1 This is consistent with
the results of the mode scans performed with the DBB. Due to temperature fluctuations
in the laboratory, alignment mirrors mounts moved and the laser beam to the PMC had to
be realigned after several days to stay at the high power transmission level.

The frequency stabilization control loop of the laser system to a reference cavity [Kwe12]
is not affected by the integration of the amplifier and thereby reached its design stability
and unity-gain frequency. The power stabilization of the system was performed using a
high power acousto-optic modulator (AOM) to split off power into the first diffraction

1 The injected power to the PMC is about 5 % less then the output power of the amplifier, due to several
optics between the amplifier output and the injection to the PMC, like an acousto-optic modulator
(AOM) or a polarization cleaning stage.
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Figure 3.7: The long-term measurement of the output power of the neoVAN amplifier and
power in transmission of the PMC shows the stability of the system over time. The PMC
transmission shows dips due to automatic re-locking of the laser system. Between day 34
and 37, the laser system was switched off and on again and recovered operation at the same
performance as before without any realignment of the amplifier. Figure from [Thi19].

order [Kwe12]. Two photodiodes detecting a photocurrent of 2.8 mA are used as the in-loop
and out-of-loop sensor for the active feedback stabilization of the laser power in transmission
of the PMC (similar to the stabilization described in Section 3.4). This stabilization reaches
the stability as good as the original PSL. In a frequency range from 20 Hz to 2 kHz, the
achieved stability is limited by the shot noise of the sensors, see Figure 3.11.

3.4 Power stabilization via pump diode current
A fast power control of the pump light for the last laser crystal in the neoVAN-4S-HP
amplifier makes a power stabilization without an AOM in the beam path possible. Such
an AOM adds additional power loss and can produce stray light, thermal lens or spatial
beam distortion.

An in-house developed controllable bypass resistor was used to control the current
through one laser diode of the neoVAN-4S-HP amplifier and thereby its output power.
This circuit is a high-current version of the actuator used in reference [AK01] with a
current modulation bandwidth of 800 kHz, achieved with a feedback controlled metal-oxide-
semiconductor field-effect transistor and low inductance resistors for current sensing and
limiting, see Figure A.2 in the appendix.

The transfer function form a modulation of the pump laser diodes current to the power
modulation at the output of the solid-state amplifier is a combination of two transfer
functions: the transfer function from the current modulation to output power of the pump
diodes and the transfer function from power of the pump diodes to power modulation
at the output of the amplifier. In the here consider frequency span, ideally the pump
diode current instantaneously defines its output power. Hence, their response is frequency
independent. The expected transfer function from the pump power modulation to the
amplifier output power can be described by a first order low-pass filter, similar as for fiber
amplifiers [NM02; Tün12].
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Figure 3.8: Bode plot of the transfer functions from the input of the current modulator
to the amplifier output power, normalized by the mean output power, are shown in units
of W W−1 V−1. The expected transfer function to the amplifiers output power is plotted
as a dashed line, it is a first order low-pass with a corner frequency of about 30 kHz. This
characteristic corner frequency is defined by the response of the amplifier to pump or seed power
changes. For a similar amplifier, this was measured in more detail in [BMW20]. In addition, the
transfer function of the current modulator is shown in units of A A−1 V−1, normalized to the
total DC current of 40 A, which is used for the laser diodes. Its modulation index is 1 V A−1.

Figure 3.8 shows the measured transfer function from the shunt current modulation to
the amplifier output power normalized by its mean output power (blue). This transfer
function contains the response of the shunt current modulator (red) in addition to the
two above discussed transfer functions. For comparison, the expected transfer function is
plotted as a dashed line. The lower than expected output power modulation below 30 Hz
can be cause by thermal effects in the laser crystals, which counteract the pump power
modulation. The dip around 2.5 kHz can originate from a non-ideal impedance of the laser
diodes’ current source. The specified output capacity of the current supply is 80 µF [Del22]
and in combination with a 50 µH output inductor1 this could explain the drop in the power
modulation around this frequency.

1 This is not specified for the used power supply but a reasonable component to filter high frequency
noise from the current source. As for example the in-house build current source in Section 4.1.1 use also
such an inductor.
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3.4.1 Feedback stabilization
In general, an active feedback stabilization uses an error signal to feedback to an actuator
that changes the physical quantity measured by a sensor. The error signal is the difference
computed from the reference value and the signal by a sensor. In the ideal case, the error
signal is close to zero when the feedback control is operating, meaning that the negative
feedback is ensuring that the sensor reading is equal to the reference value.

In the case of the power stabilization, a fraction of the laser power behind the amplifier
is sensed by a photodiode with transimpedance amplifier generating the in-loop sensor
signal 𝑈𝑆 . This signal is subtracted from a reference voltage 𝑈𝑅 to generate an error
signal 𝑈𝐸 , see Figure 3.9. This error signal is amplified and frequency dependent filtered
by a servo controller to generate the control signal 𝑈𝐶 , which is send to the actuator, in
this case the shunt current control of a pump laser diode. For stabilization purposes, the
reference is ideally a constant DC value, which here represents the sensor reading for the
desired output power of the laser.

Figure 3.9: The signal flow diagram of a simple feedback control loop is shown. Here the
sensors and actuators for a power stabilization are shown. In addition, virtual adders are inserted
to model the coupling of different noise sources (represented in blue) to the system. Finally,
the performance of the feedback control can be cross-checked with an out-of-loop detector.

As a necessary pre-condition for a feedback stabilization, a strict monotone dependence
between the sensor reading and the quantity to be controlled is required. This should
be the case at least within the foreseen operation range, where the stabilization should
operate. Additionally an actuator for this quantity with a strict monotone response is
necessary. These pre-conditions ensure that the sign of the feedback does not depend on
its DC working point and thus, the design of a negative feedback loop becomes possible.

For simpler design and description, the modules of the control loop are approximated to
be linear time invariant around their points of operation. In the scope of this thesis, the
modules are characterized by their transfer functions in frequency domain.1 The methods
presented here can be found in [AC00].

The linear time invariant systems can be characterized by their transfer function,

1 Other descriptions, like the time-domain state space representation or poles and zeros in the 𝑠-plane are
beneficial, if good analytical models of the physical systems are available and time domain measure-
ments/optimizations are planed [LW05].
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visualized in a bode plot like Figure 3.8. The transfer function is defined as the ratio
between the input and the output signal in frequency domain. For the frequency domain
representation, the Laplace transformation is commonly used and depends on the complex
frequency parameter 𝑠 = 𝜎 + 2𝜋i𝑓 [AC00]:

𝑋𝑜𝑢𝑡(𝑠) = 𝐴(𝑠)𝑋𝑖𝑛(𝑠) . (3.1)

Here, the transfer function 𝐴(𝑠) describing the signal transformation from the input 𝑋𝑖𝑛(𝑠)
to the output of a system 𝑋𝑜𝑢𝑡(𝑠). In practice the 𝜎 is set to zero, so that the Laplace
transformation simplifies to a Fourier transformation. The system is then described by
the complex frequency response to sinusoidal signals 𝐴(𝑓), depending on the Fourier
frequency 𝑓 .

The control loop in Figure 3.9 can be described by the open-loop transfer function
𝐿(𝑠) = 𝐵(𝑠)𝐺(𝑠)𝑃 (𝑠). This transfer function describes the signal transformation for a
signal passing once all sub-systems. Two other transfer functions can be also used for
the control loop characterization, the noise suppression transfer function 𝑁(𝑠) and the
closed-loop transfer function 𝐶(𝑠):

𝑁(𝑠) = 1
1 + 𝐿(𝑠) , (3.2)

𝐶(𝑠) = 𝐿(𝑠)
1 + 𝐿(𝑠) . (3.3)

The closed-loop transfer function describe the frequency response of the engaged control
loop from a modulation of the reference 𝑈𝑅 to the sensor signal 𝑈𝑆 , which represents
the measurement of the controlled quantity 𝑋. The noise suppression transfer function
describe the reduction of a disturbance 𝑁𝑥 added to the plant.

From the closed-loop transfer function 𝐶(𝑠) one can derive that for |𝐿(𝑠)| > 1 the active
feedback reduces the difference between reference and sensor signal. This frequency range
is called active control bandwidth of stabilization. The boundaries of the control band are
given by the unity-gain frequencies (UGFs) 𝑓𝑈𝐺, which are defined by1

|𝐿(𝑠 = 2𝜋i𝑓𝑈𝐺)| = |𝐿(𝑓𝑈𝐺)| = 1 . (3.4)

The open-loop transfer function can be calculated from a measurement of the noise
suppression transfer function or the closed-loop transfer function by inverting either
Equation 3.2 or 3.3, but the accuracy in the frequency band where they are close to 1.
Hence, a combined measurement of both transfer functions allow for a more accurate
estimation of the open-loop transfer function by calculating

𝐿(𝑠) = 𝐶(𝑠)
𝑁(𝑠) . (3.5)

1 In case |𝐿(0 Hz)| > 1, the control bandwidth starts at 0 Hz.
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This calculation is actually done for all measurements of open-loop transfer functions
presented in this thesis.

3.4.2 Stability and noise suppression
As discussed in [AC00], the stability of a control loop can be determined from the bode
diagram of the open-loop transfer function, like in Figure 3.10. From the denominator in
Equation 3.3 follows that for 𝐿(𝑠) = −1 the control loop is unstable. This is equivalent to
the phase of the complex function 𝐿(𝑠) being +180° or −180° at the unity-gain frequency
(UGF) 𝑓𝑈𝐺, where the magnitude is 1 (0 dB).1 To determine the stability of the feedback
control, the phase and gain margin can be used, as illustrated in Figure 3.10. The phase
margin is the minimal distance of the phase of the open loop transfer function 𝐿(𝑓𝑈𝐺) at
the UGFs 𝑓𝑈𝐺 from 180° or −180°, for a stable feedback control loop. The gain margin is
the minimal gain change, of the open-loop transfer function 𝐿(𝑠), to get unstable.

These two stability parameters describe the region around the unity-gain frequency.
Depending on the combination of magnitude and phase of the open-loop transfer function
an amplification of the free running (not stabilized) noise could occur, typically around the
unity-gain frequency. This is visible as a so-called servo bump in the noise spectrum or in
the noise suppression transfer function, see blue curve in Figure 3.10.2

The greater the phase and gain margin, the higher the stability of the control loop and
the lower the servo bump. In the time domain, the servo bump results in overshoot and
ringing of the control loop when excited by e.g. a jump of the reference signal.

The residual noise at the controlled variable 𝑋 depends on the insertion points of the
noise sources and on their noise levels (see also Figure 3.9):

𝑋 = −𝑁𝑆
𝐿

1 + 𝐿
+ (𝑈𝑅 + 𝑁𝑅)

𝐵
· 𝐿

1 + 𝐿
+ 𝑁𝐴 · 𝑃

1
1 + 𝐿

+ 𝑁𝑋
1

1 + 𝐿
. (3.6)

The output value 𝑋 is stabilized to the reference 𝑈𝑅/𝐵(𝑠) within the control bandwidth,
where the closed-loop transfer function is close to one, see Equation 3.3. The sensor noise
𝑁𝑆 directly couples within the control bandwidth to the output. Hence, a low noise sensor
is highly relevant for low noise performance of the feedback control. The noise on the
reference 𝑁𝑅 is scaled by the inverse sensor transfer function 𝐵(𝑠). To lower its coupling
to the output, it is beneficial to use a sensor with a high gain. The actuator noise 𝑁𝐴 is
suppressed by the noise suppression transfer function and scaled by the actuator transfer
function. Thus, it is largely suppressed within the control bandwidth but if the actuator
transfer function 𝑃 (𝑠) still have significant gain outside the control bandwidth it can
directly couple to the output 𝑋. Finally, the free running laser noise 𝑁𝑋 is suppressed by
the noise suppression transfer function.

1 If the phase is larger than +180° or smaller than −180° at the unity-gain frequency the feedback loop is
also unstable. In the switch-on process of the control loop the +180° or −180° at unity-gain has to be
crossed and so the loop gets unstable before reaching the full open-loop gain.

2 In this figure and in all following Bode plots within this thesis only the magnitudes of the noise
suppression transfer functions are shown, as meanings of its phase are not further discussed.
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Figure 3.10: A bode plot of the open-loop transfer function of the power stabilization with
actuation on the pump current is shown (red). The points relevant for the stability of the
feedback control loop are marked. Due to noise in the control loop and a limited dynamic
range of the analyzer, variations in the transfer function measurement are visible below 10 kHz.
The calculated magnitude of the noise suppression transfer function (blue) shows the predicted
noise reduction below the unity-gain frequency and the predicted noise amplification around
this frequency.

Sensor noise directly couples to the output 𝑋, but it is suppressed by the feedback
control in the in-loop sensor signal 𝑈𝑆 . Therefore, an independent sensor, called out-of-loop
sensor, has to be used to measure the residual noise in 𝑋. With an in-loop sensor, it is not
possible to get a reliable measurement of the stabilized output noise because the sensor
noise can be imprinted with a negative sign to the output and thereby cancel the sensor
noise of the in-loop detector.

The noise suppression of the feedback control depend on the open-loop gain 𝐿(𝑠). To
achieve a high noise suppression the magnitude of the open-loop-transfer function has to
be maximized, see Equation 3.2. Besides the stability this is the second design goal for
a high performance feedback control loop. The optimization is done with the design of
the servo controller, such that the open-loop transfer function complies with the requested
stability and noise suppression.

The ultimate limit for the noise suppression of the laser noise 𝑁𝑋 is typically the in-loop
sensor noise 𝑁𝑆 . Therefore, loop gains much higher than 𝑁𝑋/𝑁𝑆 do not lower the noise of
the stabilized output signal 𝑋. The loop gain increase is limited by the phase loss due to
the signal propagation delay in the control loop and the amplitude to phase relation in the
filter transfer functions.
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Figure 3.11: Two independent photodiodes of the same kind were used to perform a mea-
surement of the relative power noise. This is shown as an amplitude spectral density over the
Fourier frequency. One photodiode was used as an out-of-loop detector while the other one
was used as an in-loop sensor for the active feedback stabilization. The power stabilization
of the system was performed with two different power actuators (see text). Modified figure
from [Thi19].

With this considerations, the open-loop transfer function shown in Figure 3.10 was
designed for a sensor noise limited operation below 1 kHz. This power stabilization could
be operated with the required high noise suppression. The used feedback stabilization had
therefore an unity-gain frequency of 45 kHz. In Figure 3.11, the resulting noise is compared
to the stabilization with the AOM. At frequency below 20 Hz the power noise with the
pump light actuation is lower, probably because of less actuation noise, less dust in the
air, or airflow during this measurement. The dust and airflow lead to beam pointing and
time depending scattering resulting in an increase in power noise, especially in front of the
in-loop power sensor.

A more complex design of the servo controller transfer function1 should allow for an
even higher noise suppression at frequencies above 1 kHz.

3.5 Conclusion and outlook
In this chapter, detailed characterizations of the power noise, frequency noise, pointing
noise, and HOM content of two kinds of solid-state, single-pass laser amplifiers for 1064 nm
wavelength are presented. Their added laser noise and HOM content are lower than the
former used high-power oscillator in the aLIGO PSLs [Kwe12; Win11]. Therefore, they are

1 The dip in transfer function of the plant was not fully compensated by the servo controller, see Figure
3.8 and Figure 3.10
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sufficient to be used in second-generation GWDs, especially as their lower output powers
match the injection powers needed for the interferometers. The results presented in this
chapter showed that such an amplifier could be integrated into a copy of the aLIGO PSL
with only minor modifications to the optical setup. The embedded power actuation via
pump current bypassing in the amplifier driver electronic reduces the number of needed
external actuators. Finally, the low complexity, high reliability, and high efficiency make
them a suitable replacement for previously used injection-locked oscillators for high power
generation [Win11].

Those results were essential for second-generation GWDs to take the risk of redesigning
their laser systems and integrating the tested solid-state amplifiers [CCK19; Bod20]. As a
follow-up investigation, we tested a neoVAN-4S-HP amplifier with a power and frequency
stabilized seed laser. With an extended seed power range, we demonstrated output powers
of up to 195 W [BMW20].

These experiments [Thi19; BMW20], the operation in second-generation GWDs [CCK19;
Bod20] and further investigations [Bod22] confirm the high reliability of the tested amplifiers
and reproducibility of the presented results.

For future GWDs, fiber amplifiers are proposed [ET 20; Eva21]. They showed the ability
to generate even higher output powers to be used in GWDs of up to 336 W [Wel20; Hoc21].
To the time of writing this thesis, the full integration and stabilization into a GWD’s PSL
with this kind of amplifier have still to be demonstrated, as well as the final demonstration
of long-term reliability, which is essential for the use in a GWD.

If the reliability of proposed fiber amplifiers at 1064 nm wavelength is not sufficient for
future GWDs, the solid-state laser amplifiers discussed in this chapter are maybe a fallback
option. Further optimizations on the laser crystals might provide high output power
levels sufficient for future GWDs, e.g. by improved crystal cooling and beam parameter
optimization of the pump and seed laser beams. Then, the coherent beam combination
technique allows to further increase the laser power by combining the output of multiple
amplifiers in a single, coherent laser beam [Wel21; Bod22].

For future GWDs, not only lasers at 1064 nm wavelength are proposed, but also lasers
with longer wavelength are considered [Abb17e; ET 20; Eva21]. In the next chapters, the
performance of laser sources at 1550 nm wavelength are investigated and their stabilization
is presented, considering the needs of GWDs.





CHAPTER 4
Characterization of Laser Systems at 1550 nm Wavelength
for Future Gravitational Wave Detectors

Some proposed third-generation gravitational wave detectors (GWDs) will use cryogenically
cooled silicon mirrors, which require a change in laser wavelength from 1064 nm to a
longer wavelength like 1550 nm or 2 µm. Section 2.2 described the proposed change
of wavlength and mirror material in more detail. This chapter begins with a short
introduction, recapitulating why a laser system at 1550 nm is considered for third-generation
GWDs, followed by the presentation of results closely based on the publication in MDPI
Instruments [MW22]. Sections 4.1 contains a detailed characterization of seed lasers,
pre-amplifiers and power amplifiers at 1550 nm wavelength. Finally, an experiment to test
the laser power and frequency stabilizations in an all-in-fiber-actuator setup is presented
in Section 4.3. In addition to the results from [MW22], the function of a multiple-path
feedback control loop is described in more detailed in Subsection 4.3.1. This kind of
feedback control loop configuration is used for the frequency stabilization presented in
Subsection 4.3.2.

The sensitivities of currently operating, second-generation GWDs are fundamentally
limited by quantum noise as well as coating thermal noise of the interferometer mirrors, often
called test masses. Future GWDs need to reduce, in particular, these noise contributions
to achieve their anticipated ten fold sensitivity improvement. The quantum noise at higher
Fourier frequencies can be reduced by increasing the laser power circulating inside the GWD
interferometers and can independently be further improved by the injection of squeezed
light into the interferometer’s output port [Tse19; Ace19]. Meanwhile, the coating thermal
noise is dependent on the coating properties and temperature. By reducing the temperature
of the test masses, the coating thermal noise can generally be lowered, unless an increase
in the mechanical loss of the coatings at low temperature cancels the direct temperature
effect as discussed in Section 2.2 and in [Har02; Ste18]. The first large scale GWD, which
uses cryogenic temperatures to lower the thermal noise is the KAGRA detector [Aku19;
Aku20]. Here, sapphire test masses are used with a 1064 nm wavelength laser source.

Test masses made from silicon are likely to be used in future GWDs, as they show more
promising material characteristics and are probably available in larger sizes than sapphire
test masses [ET 20; Adh20]. As silicon is not transparent at the currently used wavelength
of 1064 nm, this test mass material needs a laser wavelength between 1.5 µm and 2.2 µm
to be successfully implemented in future GWDs [Adh20]. The Einstein Telescope (ET)
proposes three interferometers for the low frequency detection band and three for the
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high frequency detection band arranged in a triangular configuration. The low frequency
interferometers shall have silicon test masses and 1550 nm lasers, which can deliver 3 W of
optical power behind the input mode cleaner cavity [ET 20]. The Laser Interferometer
Gravitational-Wave Observatory (LIGO) Voyager and Cosmic Explorer, future plans for
GWDs in the United States, shall use laser powers from 200 W up to 1 kW with a laser
wavelength compatible with silicon optics [Abb17e; LIG19].

As pointed out in Chapter 2, ground-based GWDs generally place very high demands
on their laser systems. The laser sources have to be single frequency, single mode, linear
polarization, and low noise. In particular, the frequency noise, power noise, and beam
pointing noise1 in the detection band between a few Hz and typically a few kHz are most
essential. The second important frequency band is at phase modulation frequencies of the
interferometer’s length and alignment control systems. This band spans from a few MHz
up to the mid MHz range, depending on the chosen highest modulation frequency for the
detector control [Bui20b; All20]. As no free-running laser meets the demanding GWD
stability requirements, multiple stages of active feedback control and passive noise filtering
are needed in the so-called laser pre-stabilization to prepare the lasers for injection into
the GWD interferometers.

Frequency stabilizations of low-power lasers in the range of 1.5 µm wavelength were
reported from various fields, such as the stabilization for a frequency comb [Dol13],
stabilization to ultra stable silicon cavities [Mat17] or stabilization to a high Q fiber
resonator [BLF20]. A frequency and power stabilized system with fiber optics and an output
power of 10 mW was demonstrated [TAT08]. None of these experiments simultaneously
achieved the stability demanded by GWDs for all relevant laser parameters and not all
technologies needed for a GWD PSL were fully demonstrated.

For the presented laser characterizations in this and the next chapter, a well-tested
setup, the so-called diagnostic breadboard (DBB) was used. The DBB was developed for
1064 nm [KW08] and was then adapted for use at 1550 nm. With this DBB, different seed
lasers and power amplifiers were characterized. An external cavity diode laser (ECDL)
from RIO [Opt21] was tested and the measurements are compared to other published
results on this seed laser [Num10; Tsu11]. Fiber lasers from NKT Photonics [NKT21]
with different amplifiers and a seed source from NP Photonics [NP ] were characterized
subsequently. In addition, two low power amplifiers, a booster optical amplifier (BOA) from
Thorlabs [Tho21], and a fiber amplifier built in a collaboration with the Laser Zentrum
Hannover e.V. [Las] were tested. Their free-running laser noise and their actuators for
potential use in stabilization control loops are discussed in Section 4.2. Based on these
results, Section 4.3 reports on the active feedback stabilization of a low power laser system
build from the ECDL and the BOA.

4.1 Experimental setup
For the laser characterization, a DBB for 1550 nm based on the original 1064 nm version
was built [KW08]. 1550 nm optics, germanium quadrant photodiodes and increased trans-

1 Beam pointing noise typically couples to power noise at the next mode selective element, like a cavity.
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Figure 4.1: The simplified stabilization setup shows the seed laser with 1550 nm wavelength,
which was coupled via a fiber Faraday isolator to the fiber phase modulator and was amplified
by the booster optical amplifier. A Faraday isolator was placed in the 115 mW free space beam.
This was to prevent reflections back to the amplifier. Parts of the beam were sent to power
sensors and the frequency reference cavity. The main fraction of the beam was analyzed with
the diagnostic breadboard. Figure from [MW22].

impedance gains of the photodiodes were implemented. The increased transimpedance
gains were required to allow measurements at input powers of 5 mW to 35 mW as compared
to the standard DBB with maximal 150 mW input power. This change was necessary to
characterize the seed lasers without any power amplifier. A schematic layout of the DBB
is shown at the right-hand side of Figure 4.1.

With this DBB, free space laser beams can be analyzed in their noise and spatial mode
properties. A beam is coupled via two adjustable mode-matching lenses and two piezo
alignment mirrors to a triangular optical ring resonator. A low noise indium gallium
arsenide (InGaAs) photodiode (RPD)1 in front of the resonator is used to perform power
noise measurements at Fourier frequencies between 1 Hz and 100 MHz. A photocurrent of
up to 18 mA can be detected. After optimization of the fundamental mode transmission
by alignment and mode-matching of the incoming beam, the mode decomposition of
this beam can be analyzed by scanning the length of the cavity and measuring the
transmitted power. The frequency noise of the laser beam can be calculated from DBB
measurements by stabilizing the resonator length with the dither modulation technique on
a resonance for the laser frequency. The dither modulation is imprinted at 1 MHz on the
resonator’s piezoelectric element. The error signal for the length control loop is generated
by demodulation of the light power measured in reflection of the resonator. The error signal

1 The abbreviation is used in the original publication on the DBB [KW08] and refers to relative intensity
noise photodiode.
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and the control signal of the length feedback stabilization are captured to calculate the
frequency noise between Fourier frequencies of 1 Hz to 500 kHz. An equivalent technique
in combination with the quadrant photodiodes is used for differential wavefront sensing
based alignment control loops to stabilize the beam pointing [Mor94; And84]. This also
enables the measurement of beam pointing noise. In addition to the noise measurements,
the calibrated sensors of the DBB are used for transfer function measurements of the laser
modulation inputs.

For all measurements, the beam path and the environmental conditions, such as airflow,
devices in operation in the lab, or room light conditions, were kept constant to achieve
comparable results. The measurements were performed repeatedly over more than one day
to confirm a stable performance of the tested lasers. Modulation inputs of the lasers are
terminated or disabled during the noise measurements.

4.1.1 Characterized laser systems
An overview of the characterized seed lasers and laser amplifiers is given in Table 4.1.

Table 4.1: Tested laser sources and amplifier.

Product Name𝑎 Technology Output Power
Seed laser sources
Orion laser source,
RIO3135-3-34-5 [Opt21]

external cavity diode laser
(ECDL) 10 mW

Koheras Adjustik E15,
K822-125-102 version 1𝑏

K822-125-102 version 2𝑏 [NKT21]
erbium fiber lasers 40 mW

NPP Seed laser of a high power
laser module [NP ] erbium fiber laser 28 mW𝑐

Pre-amplifier
Booster optical amplifier (BOA),
BOA1004P [Tho21]

semiconductor waveguide
amplifier 117 mW𝑐

Fiber pre-amplifier [Las] erbium fiber amplifier 50 mW𝑐

Power amplifier
NKT Boostik 2W,
K532-015-100 [NKT21] erbium fiber amplifier 2 W

NKT Boostik 10W𝑑,
K532-015-120 [NKT21] erbium fiber amplifier 10 W

RIO Grande laser,
RIO1175-9-34-5 [Opt21]

erbium fiber amplifier with
integrated ECDL seed laser 2 W

𝑎 The bold marked names are used in the text as a designation for the laser and amplifiers. 𝑏 The versions
are internal versions by the manufacturer and do not correspond to different data sheet specifications.

𝑐 Measured output power. 𝑑 Two amplifiers of this kind were characterized.
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Commercial seed lasers were chosen, which are based on different technologies and
have promising data sheet specifications for use in the field of ground-based gravitational
wave detection. Single mode, single frequency operation with high stability in power and
frequency within the gravitational wave detection band, as well as in the MHz range, were
the most important selection criteria. In addition, an option for frequency control is needed
to further stabilize the laser frequency.

Doped fiber-based and semiconductor-based seed lasers were tested. Both topologies
achieve single frequency operation with a Bragg reflector for distributed feedback [Num10;
Sto08; Bar06; NKT21]. To pre-amplify the seed power, two different types of amplifiers were
investigated. A booster optical amplifier (BOA) based on a fiber coupled InP/InGaAsP
quantum well layer structure in a waveguide was tested [Tho21]. It was operated at an
output power of 117 mW. The characterized fiber erbium pre-amplifier is core pumped at
976 nm wavelength with a Bragg grating stabilized laser diode and was built in cooperation
with the Laser Zentrum Hannover e.V. [Las]. For both amplifiers, an in-house built, low
noise current source was used with a fast modulation input, which is based on the designs
presented in [Eri08; TED11]. The Boostik power amplifiers were tested with different seed
lasers to test their influence on the actuation and noise characteristics. To distinguish
between the two different Boostik amplifiers, they are named by their slightly different
output power levels of 10.4 W and 11 W later in the text. The tested Grande fiber amplifier
has an integrated, non-exchangeable seed source, which is similar to the Orion laser.

4.2 Laser characterization
First, the different free-running laser systems and MOPA combinations were characterized
with the DBB. The transversal mode purity and the pointing noise of all tested lasers
were measured. All show a low higher order mode content, as all lasers have polarization
maintaining, single mode fiber output ports and no significant pointing was measured.

The frequency noise measurements in Figure 4.2 show that only the seed lasers contribute
in the measurement band to the total frequency noise of the modular systems. Small
deviations at 100 Hz to 300 Hz are due to slightly different unity gain frequencies for the
DBB resonator’s stabilization loop. All shown noise measurements are captured as a set of
fast Fourier transformed measurements, which were averaged over multiple samples and
normalized by the resolution bandwidth to achieve an amplitude spectral density. Multiple
measurements with different spans were performed and stitched together to improve the
resolution for the logarithmic frequency scales. The samples with different spans are
plotted with a small overlap to account for transfer function uncertainties and different
sensor whitening of different frequency spans. The lowest frequency noise is measured
for the Adjustik lasers, followed by the Orion laser source. Both have a frequency noise
comparable to the noise of the seed laser used in current GWD PSLs at frequencies below
1 kHz. The seed lasers with 1064 nm wavelength used in current GWDs are NPRO. Their
typical frequency noise is plotted as the NPRO projection [KW08] in Figure 4.2.

The relative power noise (RPN) of the seed lasers is shown in Figure 4.3 as an amplitude
spectral density. The RPN of the Orion has a different spectral shape compared to fiber
lasers. The noise of the Orion laser roughly follows a 𝑓−1/2 slope, down to the detection shot
noise of 1 × 10−8 Hz−1/2. This low noise was achieved by replacing the supplied external
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Figure 4.2: The free-running frequency noise of the different seed lasers and MOPA com-
binations is shown. The frequency noise of the MOPA systems is dominated by their seed
laser noise. Figure from [MW22].
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Figure 4.3: The free-running relative power noise (RPN) of the seed lasers, plotted as
amplitude spectral density, follow two characteristic shapes. The Orion laser has a very low
free-running noise. The fiber lasers have a higher noise floor and a characteristic relaxation
oscillation peak. Figure from [MW22].
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5 V switching power supply by a linearly stabilized supply with lower noise coupling
to the laser. The relaxation oscillation of the ECDL is typically at GHz frequencies,
because of the short lifetime of the upper laser level in the semiconductor [Day22].

The RPN of the fiber lasers are, to the current understanding, limited by the RPN of
the used pump diodes, excess noise due to the reabsorption by the erbium ions, and the
relaxation oscillation [Ral99; CEK03] within the laser resonator at 500 kHz for the Adjustik
laser and at 1 MHz for the NPP seed laser. The peak at 10 MHz in the measurements is
caused by a timing signal for the data acquisition system. The measurement of the Orion
laser is influenced by dark noise above 30 MHz due to low available laser power.

The response and power cross-coupling of the frequency actuation inputs of the seed
lasers are compared in figures 4.4 and 4.5. The frequency of the fiber laser was tuned
with a piezo electric element [NKT], which has characteristic resonances above 40 kHz and
shows only a significant coupling from the frequency modulation to the output power of
the laser at Fourier frequencies around 70 kHz. The resonances limit the usable bandwidth
of this actuator in feedback controls loop for a frequency stabilization.

The frequency of the Orion laser is controlled by the pump current of the semiconductor,
which introduces a carrier density-dependent refractive index change in the laser resonator.
Hence, no mechanic resonances are present in the transfer function, but a direct coupling to
the optical gain and, by that, to the output power can be observed. The transfer function
decays with multiple poles, which can be easily compensated in a feedback control. This
makes the delay equivalent phase loss in the transfer function to be the ultimate limit of
the control bandwidth for a stabilization. A slow, high range tuning of the frequency is
possible for both lasers by a temperature control of the laser resonator.

The RPN of the pre-amplifiers was tested with the Orion laser as seed laser, as it has
the lowest RPN. For the fiber pre-amplifier, as well as for the BOA, exactly the same
low noise current driver was used with a relative current noise of 3 × 10−9 Hz−1/2 above
100 Hz. The noise spectral densities are presented in Figure 4.6. The higher RPN of the
fiber pre-amplifier in comparison to the BOA could be caused by reabsorption of the seed
in the quasi three laser level system of erbium or amplified spontaneous emission [Dig01].
In addition, the RPN of the pump diodes for the fiber pre-amplifier was measured to be at
the same level as its output power noise. Tests with a pump diode, stabilized to more than
a factor of 10 less RPN than the free-running pump light, were performed. These tests
showed an improvement of less than a factor of two in the output RPN of the amplifier.
Thus, the noise of the pump light seemed to be not the only relevant noise source.

Figure 4.6 shows the difference between BOA and fiber pre-amplifier systems. The sys-
tem based on the fiber pre-amplifier has a noise floor close to 1 × 10−6 Hz−1/2 for low
frequencies. At a corner frequency of about 10 kHz the RPN decreases, which is due
to the reduced response of the fiber amplifier to power noise of its pump source (see
Figure 4.7). In comparison, the noise of the BOA pre-amplifier decreases roughly with a
𝑓−1/2 slope. Measurements were taken at the maximal output power of 117 mW and at
40 mW, which is the pre-amplifier’s output power used in this thesis to seed the subsequent
NKT power amplifiers. The relative current noise is clearly below the power noise of both
amplifiers and thereby does not limit their noise performance, assuming a linear coupling
mechanism, see Figure 4.6.
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Figure 4.4: The frequency actuation transfer functions of the fiber laser and of the Orion
laser show a similar magnitude at low frequencies. Resonances in the fiber laser’s transfer
function reduce the usable actuation bandwidth significantly compared to the Orion laser.
Figure from [MW22].
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Figure 4.5: The cross-couplings from frequency actuation to the output power of the Orion
laser and fiber laser is shown. As the pump current for the Orion laser also defines the output
power, a direct coupling is observed. Meanwhile, the output power of the fiber laser shows a
strong coupling only around 30 kHz. Figure from [MW22].
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Figure 4.6: The free-running RPN at the output of the pre-amplifiers is shown. For all
measurements, the Orion laser is used as the seed source (grey curve). Figure from [MW22].
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Figure 4.7: The pump current of the BOA and fiber pre-amplifier’s pump diodes is modulated
to measure the transfer function to the pre-amplifier’s output power. Figure from [MW22].
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The Boostik 10 W amplifier from NKT consists of a pre-amplifier and a power amplifier.
The pre-amplifier was tested with the unpumped power amplifier. Its noise (blue curve
in Figure 4.6) shows several sharp peaks that might be caused by internal electronics.
The noise level could also be increased due to the transmission through the unpumped
active fiber, where reabsorption could happen. The shot noise limits for the amplifier
measurements shown in Figure 4.6 were between 4 × 10−9 Hz−1/2 and 6 × 10−9 Hz−1/2 and
in the case of the Orion seed laser (grey curve) at 1 × 10−8 Hz−1/2, as only a lower optical
power was available on the power sensor in the DBB.

In Figure 4.7, the transfer functions of the pre-amplifiers from pump current to out-
put power are shown. The pump currents are modulated with a 5 mA V−1 modulation
response on a total pump current of 522 mA for the fiber amplifier and 600 mA for the
BOA. The transfer functions are calibrated as relative power modulation per input voltage.
This transfer function typically forms a low-pass, where the corner frequency 𝑓eff de-
fines how fast the population of the upper laser level can adapt to the change in pump
power [Tün12].1 The corner frequency of the fiber pre-amplifier is determined by a fit
to 𝑓eff = 6.7 kHz. In contrast, the BOA’s transfer function is limited by the speed of
its current driver. The typical corner frequency 𝑓eff of these semiconductor-based laser
amplifiers is above 100 MHz [Ebe93].

The response of the fiber pre-amplifier to seed power modulation (see Figure 4.8) is
suppressed at low frequencies with the amplifier gain, due to the seed power saturation of
the amplifiers. Above the corner frequency 𝑓eff , the seed power modulation is amplified by
the full power gain of the amplifiers [Tün12]. The seed power modulation sent to the BOA
is suppressed in the whole bandwidth of the seed power modulator, due to the high corner
frequency 𝑓eff corresponding to this amplifier.

The RPN of the all-fiber power amplifiers is plotted in Figure 4.9. The typical flat
noise for frequencies up to 10 kHz, which was discussed for the pre-amplifiers, is again
clearly visible. Above 10 kHz the power noise differs with the used seed laser sources.
Slightly different RPN levels were measured for the two nominal similar 10 W power level
amplifiers, which might be caused by different noise levels of internal current drivers for
the pump diodes. The narrow peaks in the RPN measurements of the amplifier can be
caused by internal electronics in the amplifier modules, such as temperature controllers or
digital controls.

The transfer functions in Figure 4.10 show how the output power of the power amplifiers
can be controlled by modulating their seed laser power. The Grande MOPA laser does
not allow to change the power of its integrated seed separately from its frequency. The
response of its analog power control is shown for comparison. This input allows to change
the pump current with a bandwidth of less than 10 Hz. The other power amplifiers only
provide a slow digital control of their output power. Fast output power control is only
possible via control of the seed or pre-amplifier power. Due to the seed power saturation
of the power amplifiers, they show a reduced response to power modulations of the seed
below their corner frequency 𝑓eff of the coupling transfer function. This makes it difficult

1 This effect is similar as for the solid state amplifier transfer function in Section 3.4.
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Figure 4.8: The seed power is modulated to measure the transfer function to the output
power of the pre-amplifiers. The seed power modulation (blue curve) is transferred to the
output of the pre-amplifiers (green and red curves). Figure from [MW22].
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Figure 4.9: The free-running RPN spectral densities at the output of the power amplifiers
are shown. At low frequencies, the power noise of the power amplifiers is dominated by their
pump power noise. Figure from [MW22].
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Figure 4.10: The transfer functions from seed power modulations to power modulations of the
power amplifier output have the same shapes as the measurements with the fiber pre-amplifiers
in Figure 4.8. The Grande laser is the only high power amplifier tested, which offer any analog
power control. The laser pump diode current can be controlled, when the laser is in analog
automatic current control (AACC) mode. Figure from [MW22].

to use only the pre-amplifier seed power to stabilize the power amplifier’s output power.
The relaxation oscillation frequency of the fiber seed laser is at or above the corner

frequency of this transfer function. Thereby, its magnitude in a relative power noise spectral
density is not attenuated, as can be seen in the power amplifier’s output noise in Figure 4.9.

The frequency modulation transfer functions from the pre-amplifier to the power am-
plifiers are up to small delay-driven phase losses given by the seed transfer function (see
Figure 4.4). The delay is caused by the propagation time through the optical fibers of
the amplifiers.

4.3 Stabilization
An experiment was build to demonstrate the capabilities of the actuators and sensors for
a GWD’s stabilized laser system. The Orion laser and the BOA were identified as the
best MOPA combination for this test, as they offer actuators for frequency and power
stabilization with high range and bandwidth. This combination form an all-in-fiber-
actuation MOPA laser. Thus, no free space actuators are used to control the laser power
or frequency. The frequency noise of this combination is higher compared to the NKT fiber
lasers, which has been weighed against the resonance-free frequency actuation of the Orion
laser and its lower power noise. A simplified sketch of the setup is given in Figure 4.1. The
output power of this MOPA system was 115 mW. No power amplifiers were included in
the stabilization setup as they are not expected to influence the frequency noise and as the
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currently available models do not provide appropriate power actuators.
For the power stabilization, in- and out-of-loop photodiodes with transimpedance ampli-

fiers were used. The photodiodes were Perkin Elmer C30642. Both readout electronics are
based on electrical circuit designs used in the aLIGO PSL’s [Kwe12]. The in-loop detector
has an improved bias circuit and an updated low noise operational amplifier to increase
the achievable bandwidth of the stabilization [MK20].

The laser frequency was stabilized to an ultra-low expansion glass ceramic (ULE) spacer,
triangular reference cavity with a finesse of roughly 59 000 and a free spectral range of
702 MHz. Two plane mirrors are optically contacted to the spacer while the curved mirror
is glued to it. The cavity is placed with fluorine rubber vibration isolation pads in a vacuum
tank at a pressure of 1 mbar to reduce acoustical noise coupling. The laser frequency was
stabilized with the Pound–Drever–Hall (PDH) sensing scheme to the cavity [Dre83; Bla01].
A fiber phase modulator was integrated to add phase modulation sidebands at 44 MHz for
the PDH sensing and for fast actuation in the frequency stabilization feedback control loop,
while the laser current was used for the slow frequency actuation. The function and stability
criteria for this two-actuator feedback control loop are introduced in the following subsection.

4.3.1 Multiple-path feedback control
This subsection continues the introduction in feedback control theory from Section 3.4.1
and is based on the techniques described in [AC00]. Feedback control loops with several
actuators can be designed with a modification of the stability criteria untroduced in Section
3.4.1 for single-feedback control loops.

The frequency stabilization of the pre-amplified Orion laser is used as the example to
study the multiple-path feedback control. It is realized by acting on the ECDL’s pump
current and on the fiber phase actuator. Below 100 kHz, the pump current of the seed laser
was used to control the laser frequency to be on resonance with the reference cavity. The
actuation on the laser frequency in this frequency span is beneficial, because of the actuator
range of 200 MHz and a gain of 100 MHz V−1 (see Figure 4.4). This high modulation gain
and range are beneficial to reduce the high noise amplitude at low Fourier frequencies.1
Furthermore, the large range is required to compensate for even slower frequency drifts,
e.g. caused by thermal drifts of the seed laser.

Due to the limited response of the laser actuator at Fourier frequencies above 100 kHz
and the delay of the actuation, this actuator is not a suitable actuator for higher Fourier
frequencies. Here, the fiber phase modulator is a more appropriate actuator because of its
lower delay and higher actuation gain at these Fourier frequencies. An applied voltage to
the electro-optical phase actuator results in a frequency actuation of 0.5 Hz V−1 · 𝑓/1 Hz,
which is a factor 100 higher than a typical free-space phase modulator.

1 The calculated root mean square (RMS) value for an amplitude spectral density with 1/𝑓 -shape is
dominated by the noise at low frequencies, while for white (frequency independent) noise the RMS value
depends on the noise bandwidth.
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Figure 4.11: The signal flow diagram of a multiple-path feedback control loop is shown. This
can be seen as an extension of the simple control loop design shown in Figure 3.9.

These two actuators are implemented in two parallel servo controller paths, as visible
in the signal flow diagram in Figure 4.11. Both servo controllers use the same error
signal, generated with the PDH technique from the comparison of the laser frequency
to a resonance frequency of an optical cavity. The control signals 1 and 2 are send to
the individual actuators, which both control the output quantity to be stabilized. The
open-loop transfer function 𝐿(𝑥) of this system is given as

𝐿(𝑠) =𝐵(𝑠) [𝐺1(𝑠)𝑃1(𝑠) + 𝐺2(𝑠)𝑃2(𝑠)]
=𝐵(𝑠)𝐺1(𝑠)𝑃1(𝑠) + 𝐵(𝑠)𝐺2(𝑠)𝑃2(𝑠) .

(4.1)

The first line of this equation can be rewritten to the second line, where the open-
loop transfer function is the sum of two individual loops with their common sensor
transfer function 𝐵(𝑠).

In Figure 4.12, the simulated total open-loop transfer function is compared to a mea-
surement of it. The open-loop transfer function was calculated from a noise suppression
transfer function measurement (see Equation 3.2). Additionally, simulations of the open-
loop transfer function containing only the phase modulator feedback (phase modulator
path) and only the laser feedback (laser path) are shown.

The achieved unity gain frequency is 1.3 MHz. At this frequency, similar as for a single
loop control loop (see Subsection 3.4.2), the stability criteria apply and the loop’s stability
can be quantified by the phase and gain margins. The stability criterium does not need to
be fullfiled by both pathes individually. Instead, the gain dominating path at the unity
gain frequency can be evaluated, which is in this case the phase modulator path.

Additionally, the crossover between the control paths has to be stable. The crossover
frequency is defined as the Fourier frequency at which both control paths’ transfer functions
have the same magnitude. For the frequency control loop this is the case at 100 kHz, visible
in Figure 4.12. At this point, the more relevant compensation of the error is handed over
from the low frequency actuator to the high frequency actuator. At the crossover frequency,
the same stability criteria as at the unity gain frequency apply, but measured relative
between the two paths’ transfer functions. Thus, at the crossover frequency the phase
difference between the paths has to be less than 180° for the multiple-path loop to be stable.
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Figure 4.12: The open-loop transfer function of the laser’s frequency stabilization to the
resonance of the reference cavity is shown. A unity gain bandwidth of 1.3 MHz was achieved
by utilizing a crossover between feedback to the seed laser (green curve) and to the fiber phase
modulator (orange curve) at 100 kHz. The single control paths were simulated and added to
the total open-loop transfer function simulation (black curve). Extended Figure from [MW22].

Otherwise, the actuators would counteract each other resulting in a macroscopic oscillation
at the crossover frequency. The phase margin of a stable crossover is then defined by the
phase distance to the instability. The gain margin at this frequency describes a possible
gain change in one control loop path without getting unstable at the crossover.

This modified stability criteria can be also mathematically reformulated as taking one
actuation path’s open-loop transfer function 𝐿2(𝑠) = 𝐵(𝑠)𝐺2(𝑠)𝑃21(𝑠) as the normalization
for the other 𝐿1(𝑠) = 𝐵(𝑠)𝐺1(𝑠)𝑃1(𝑠):

�̃�(𝑠) = 𝐿1
𝐿2

= 𝐺1(𝑠)𝑃1(𝑠)
𝐺2(𝑠)𝑃2(𝑠) (4.2)

and then applying the unmodified stability criteria for a feedback control loop on this
open-loop transfer function [AC00]. The phase margin and gain margin definitions can be
applied to �̃�(𝑠) as described in Subsection 3.4.2 for a single path feedback control loop.
For the frequency stabilization this normalized control loop path is plotted as a dashed
line in Figure 4.12.
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Applying the described stability criteria to the transfer functions in Figure 4.12, the
phase margin at the crossover frequency is 30° and the gain margin is 16 dB. These stability
margins causes already the visible dip in the open-loop transfer function at 107 kHz, close
to the crossover frequency. At the unity gain frequency of 1.3 MHz, the phase margin is
45° and the gain margin is 3 dB.

These four margins describe the two frequency regions relevant for the stability of the
presented multiple-path frequency stabilization. Phase margins above 45° in combination
with gain margins above 10 dB typically result in robust feedback control with low excess
noise above their unity gain frequency. However, for higher noise suppression or bandwidth,
compromises have to be made. For the presented frequency stabilization, the margin
which influences the excess noise above the unity gain frequency, is the gain margin of
3 dB. The control bandwidth of this stabilization is limited by the required low-pass in the
demodulation electronics of the PDH sensing and electronic delays. The crossover between
the two parallel control paths is less critical and its stability is limited by the delay and
decreasing gain of the Orion laser’s actuator.

The reliable operation of a parallel path feedback stabilization depends in practice also
on the control ranges of the actuators and the open-loop stability of the individual paths.
If saturation in one of the parallel signal paths occurs, which breaks the approximation of
a linear time invariant system, its loop gain decreases significantly. Then, only the transfer
function of the not saturating path is relevant for the stability of the whole loop. If that
path is not stable at its unity-gain frequency by its own, the output quantity of the control
loop starts to macroscopically oscillate and typically does not recover to functioning state
by its own. This described situation occurs e.g. when the phase modulator of the discussed
frequency stabilization saturates and the loop stability criteria applies to the isolated laser
path in Figure 4.12. Different approaches can be used to deal with this problem:

• The actuator ranges can be chosen much larger than the expected range needed to
compensate the laser noise. This approach was chosen for the frequency stabilization
discussed in this chapter. Nevertheless, the constrain of the maximal amplitude is not
possible, if the signal contains Gaussian noise [Ben10]. Hence, for reliable long-term
operation an additional strategy is beneficial. Despite this fact, the advantage of this
approach is the operation with defined noise suppression and no need for additional
control or monitoring electronics.

• With an automated control and monitoring system, the state of the control loop
can be guarded. The system needs an algorithm to detect the oscillation state or
another malfunction. Then, the algorithm has to recover the normal operation of the
control loop. This is typically done by turning the stabilization stages off and on in
the required order. This method is used for the inner frequency stabilization loop in
the aLIGO PSL [Kwe12; BO12].

• Alternatively, each control loop path can be designed such that it is stable at it’s
unity-gain frequency. For this case, a saturation in one control path cannot cause
an unstable oscillation in the feedback control loop. Thus, if this path recovers to
normal operation the total parallel feedback loop should recover to normal operation.
This approach was taken for the frequency stabilization described in Chapter 5.
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The other multiple-path feedback design applied in the context of this thesis is the nested
control loop design. Here, a fast inner loop is operated, and a slower outer loop injects
signals to the inner loop. If the outer control loop uses its own sensor, its control signal is
injected into the reference signal adder of the inner loop. Otherwise, when the outer loop
uses another actuator, the actuator signal of the inner loop is used as the error signal for
the outer control loop.

Hence, the closed-loop transfer function, defined in Equation 3.3, of the inner loop,
gets a part of the outer feedback control loop. In the context of this chapter, the single
operational amplifier stages in the servo controller are each inner control loops nested in the
(outer) laser stabilization control loop. In the next chapter, the temperature control of the
PMC or the frequency stabilization to two cavities are examples for nested control loops.

The design of stable nested control loops can be less complicated as of parallel control
loops, but they require a gain hierarchy. Meaning, the control bandwidth of the inner loop
has to contain the frequencies of active control of the outer control loop [AC00]. Then, at
frequencies relevant for the outer control loop design, the closed-loop transfer function of
the inner loop is close to one.

In the case of the frequency stabilization presented in this chapter, such a configuration
was not found. Because the phase modulator and laser actuator have different frequency
ranges, non of them are suitable for such an inner loop.

4.3.2 Stabilized laser frequency
In this subsection, the noise reduction ability of the designed parallel feedback control loop
for the laser frequency stabilization is investigated. Therefore, the laser frequency noise of
the stabilized laser was measured and compared to the calibrated control loop signals.

The control signal and the error signal in the frequency stabilization loop are captured to
compute the amplitude spectral density of the in-loop frequency noise. The calibration of
the control signals was derived by the actuator transfer functions measured with the DBB as
a frequency sensor. The error signal calibration was derived from the plant transfer function
of the frequency stabilization, calculated from the measured noise suppression transfer
function and the transfer function of the feedback controller. For the stabilized frequency
noise measurements shown in Figure 4.13, the power stabilization was in operation, see
Subsection 4.3.3. No cross-couplings from the operating power stabilization to frequency
noise were found. This was tested by comparing the laser frequency noise with activated
power stabilization to the noise with free-running laser power.

The control signals sent to the laser frequency actuator and to the phase actuator
with the closed frequency control loop is consistent with the free-running frequency noise
measured with the DBB. Only excess noise peaks at 1.95 Hz and harmonics were present
due to a ground-loop coupling to the modulator input of the Orion laser. In addition, a
servo bump at 2 MHz is visible. The ground-loop coupling is totally suppressed by the
high loop gain and is not visible in the error signal noise. At frequencies above 100 kHz,
the phase actuator is used for frequency control. According to Equation 3.6, the calibrated
error point noise should be reduced in amplitude by the noise suppression compared to
the calibrated noise in the control signal within the control bandwidth. From the total
transfer function of the control loop, shown in Figure 4.12, a factor of 5 noise suppression
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Figure 4.13: The calibrated control signal noise (blue) and the calibrated error signal noise
(red) are plotted for the frequency stabilization. In addition, measurements with the DBB are
added as well as the dark noise. Modified figure from [MW22].

is expected at 300 kHz. Thus, this factor is also expected between noise curves of the
phase actuator control signal and the error point, in Figure 4.13. But, because of an
electronic cross-coupling of the control signal to the error signal, the error point is higher
than expected. A common printed-circuit board can explain the electronic cross-coupling
between the signals for error signal generation and fiber phase modulator control.

The frequency noise of the stabilized system was also measured with the DBB and
is shown in Figure 4.13. This measurement was for frequencies below 1 kHz most likely
limited by the length noise of the low finesse cavity that serves as the frequency reference
in the DBB. The stability of the cavity is limited by its PZT for active length actuation
and the thermal expansion coefficient of its aluminum-spacer.

4.3.3 Laser power stabilization
The power stabilization of the laser system uses the pump current of the BOA as actuator.
As an the in-loop sensor, a low noise photodiode was implemented. At this point a single-
loop feedback control was sufficient, as the range and bandwidth of the pump current
actuation is high enough.
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Figure 4.14: The open-loop transfer function of the power stabilization is designed to operate
with a bandwidth of 70 kHz for good noise performance in the gravitational wave frequency
band and for high robustness. Figure from [MW22].

The open-loop transfer function, shown in Figure 4.14, is designed for a low noise
performance in the full gravitational wave frequency band. A control bandwidth of 70 kHz
with good phase and gain margin for robust, low noise performance noise was chosen.
The bandwidth was limited by the used analog controller and the chosen photodiode
electronics. The in-loop error point noise of the power stabilization was suppressed for
frequencies below 10 kHz by more than one order of magnitude to a value lower than the
measurement shot noise.

The power noise measurement photodiode inside the DBB was used as an out-of-loop
sensor with 16.3 mW detected power. The noise spectral densities, shown in Figure 4.15,
are taken in different operation states of the laser systems. At low frequencies, the power
noise measurements with enabled power stabilization were influenced by non-stationary
contributions, probably caused by scattered light and air turbulences. These noise sources
couple as sensor noise into the in-loop and out-of-loop sensors. In particular, the difference
between the measurements with running power stabilization in Figure 4.15 below 100 Hz
is caused by the non-stationary noise contributions, which show up by strong differences
of the single traces in the averaged measurements. There was no systematic difference
observed between the noise at these low frequencies with and without enabled frequency
stabilization while operating the power stabilization.

Between 1 kHz and 30 kHz, the uncorrelated sum of the in-loop detector shot noise and
the out-of-loop detector shot noise was the limit of the stabilization. At 100 kHz, the servo
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Figure 4.15: The RPN as an amplitude spectral density was measured with an out-of-loop
detector for several combinations of on/off states of the frequency and power stabilization
control loops. A cross-coupling from frequency stabilization to power noise is visible. Figure
from [MW22].

bump of the stabilization is present, and at 300 kHz a noise bump of the amplifier’s current
driver is visible. At higher frequencies, the measurement was limited by the shot noise
of the out-of-loop detector, noise peaks from the timing signal of the data acquisition
system and by peaks at the phase modulation frequency. The noise floor above 1 kHz was
confirmed with measurements using an independent photodiode outside of the DBB as
another out-of-loop detector.

With an enabled frequency stabilization, the free-running RPN increases between 1 kHz
and 200 kHz, see Figure 4.15. This is due to the residual amplitude modulation (RAM) of
the fiber phase modulator. This RAM is caused by an unintended polarization rotation
proportional to the applied voltage on the modulator. The next polarizing element in the
beam path converts this modulation into an power modulation.

The conversion from phase actuation to laser frequency 𝛥𝜈 = 𝛥𝜑 · 𝑓 let to an increased
phase actuation 𝛥𝜑, which is necessary at lower frequencies 𝑓 . This resulted in the higher
RAM in the range of the crossover frequency of the two frequency stabilization paths.
At these frequencies, higher modulation amplitudes are expected for the laser and the phase
actuators, which implies an increased RAM injection into the power stabilization loop.

To lower the RAM, a bias voltage of −5.5 V was applied to the fiber phase modulator.
This bias voltage is adjusted to a low polarization rotation operation point of the modula-
tor [Die17]. A fiber polarization beam splitter behind the modulator is used to clean the
polarization, which simultaneously converts polarization modulation into RAM.
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No measurable polarization fluctuations remain on the beam after this element such that
no significant RAM generation is expected at subsequent polarizing components. The
RAM of the seed beam was further lowered in the amplifier by 20 dB at low frequencies
according to the amplifier transfer function (see Figure 4.8).

When the power stabilization was enabled in addition to the frequency stabilization,
the excess power noise between 2 kHz and 20 kHz due to RAM could be suppressed.
The servo bump around 100 kHz was, however, increased. With such a high loop gain,
the out-of-loop performance of the power stabilization in the gravitational wave frequency
range is only limited by the in-loop sensor noise, which can be improved by better shielding
and by detecting more laser power.

4.4 Conclusions and outlook
Future ground-based GWDs’ designs, which plan for the operation at a wavelength of
1550 nm demand single mode, single frequency laser systems [ET 20] with extremely low
noise performance. In this chapter, detailed measurements of the free-running noise and
actuator transfer functions of a variety of seed lasers, pre-amplifiers, and power amplifiers
as optional subcomponents for such laser systems were presented.

The shown measurements give an independent characterization and an extension to
vendor data sheets to support the trade-off between different lasers for future GWDs or other
applications with low noise requirements. The characterizations results of the ECDL seed
is consistent with previous published measurements of that laser source [Num10; Tsu11],
which is a proof of the accuracy of the presented noise measurements.

The frequency noise of the tested laser systems, out of seed lasers and amplifiers, is defined
by the seed laser’s frequency noise. Similarly, the frequency modulation transfer function
from the seed to the amplifier output depends primarily on the seed laser’s frequency
actuators, up to a delay due to additional propagation time through the amplifiers. The
power noise of all analyzed MOPA combinations at frequencies below 10 kHz is dominated
by the high power stages, while at higher frequencies, the power noise of one of the seed
lasers starts to dominate, see Figure 4.9.

In Section 4.3, the performance of the Orion-BOA combination in a stabilization environ-
ment is discussed. High bandwidth and high noise suppression of a frequency stabilization
with respect to a high finesse optical reference cavity was demonstrated. Simultaneously, a
power stabilization was operated that showed a high loop gain in the detection band of
ground-based GWDs. The performance was limited by non-stationary noise below 100 Hz.

Due to the unavailability of an appropriate power actuator for the commercial high
power amplifiers, the light power in the stabilization experiment was limited to the output
power of the pre-amplifiers to 115 mW. To use the high power stages in future PSL systems,
either appropriate power modulation inputs need to be added to the high power amplifiers,
which was demonstrated in [Thi19] for solid state amplifiers (see Chapter 3) or an external
modulator must be implemented as described in Chapter 5.

Based on the conclusions from above, a laser system with a power amplifier, an optical
mode cleaning cavity and out-of-loop detectors for frequency and power noise was set up
and is presented in the next chapter. The power amplifier will increase the output power
to a range relevant for the proposed ET-LF interferometers [ET 20].





CHAPTER 5
Stabilized Laser System at 1550 nm Wavelength
for Future Gravitational Wave Detectors

Silicon mirrors are proposed for some third-generation gravitational wave detectors (GWDs)
[ET 20; Rei19a], as discussed in the previous chapters. The use of silicon mirrors requires a
change to a longer wavelength like 1.5 µm or to about 2 µm, as silicon is not transparent at
the currently used wavelength of 1064 nm. Therefore, reliable single-mode, single-frequency
lasers at these wavelengths are required and need to be stabilized to the above-mentioned
low noise levels by means of sophisticated methods.

The required output power of the laser system depends on the interferometer configuration
and on the desired sensitivity. In case of the European Einstein Telescope (ET) GWD
project a laser power of about 3 W is needed to achieve the design sensitivity of its
low-frequency interferometers [ET 20].

To reach the needed noise performance of the laser, active feedback stabilizations for
the laser power and frequency are necessary. These stabilizations are typically cascaded
into a pre-stabilization of the laser system with sensors close to the laser and the final
stabilization with sensors in the main vacuum system of the GWD [Kwe12]. In addition to
active feedback control GWDs typically use passive noise reduction techniques via optical
cavities, so-called mode cleaners, as discussed in Section 2.3.

This chapter reports on the design and operation of a pre-stabilized laser system (PSL)
at 1550 nm wavelength. Based on the results presented in Chapter 4 a master oscillator
power amplifier (MOPA) arrangement out of the Orion seed laser, the BOA pre-amplifier,
and a Boostik power amplifier was identified as the optimal laser source. Together with
a pre-mode-cleaner (PMC), this forms the base of a laser system for highly reliable
operation and high-speed control capabilities to operate the necessary frequency and
power stabilization control loops.

The noise suppression of the stabilization control loops via in-loop sensors were charac-
terized and independent measurements for laser frequency and power noise with out-of-loop
sensors were performed. In Section 5.1 the experimental setup is introduced and design deci-
sions, like to operate a MHz bandwidth seed laser frequency pre-stabilization, are presented.
The characterization of the laser system with independent out-of-loop measurements is dis-
cussed in Section 5.2. The presented results are published in Physical Review D [MKW22]
and are accompanied in this chapter by the description of the PMC design in Subsection
5.1.1, a detailed discussion of nonlinear noise coupling at the PMC in Subsection 5.1.2 and
a brief review of the cross-spectral density noise measurement technique for sub-shot-noise
characterization in Subsection 5.1.6.
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5.1 Experimental setup
After the detailed characterizations in Chapter 4, the MOPA combination out of the Orion
laser, the BOA pre-amplifier and the 2 W Boostik amplifiers was chosen because of the
best performance parameters for a GWD PSL. The selection criteria were low free-running
frequency and power noise in the Fourier frequency range from 1 Hz to 10 MHz as well as
suitable power and frequency actuators for high performance feedback stabilizations.

Figure 5.1: The schematic setup of the pre-stabilized laser system shows the Orion seed
laser with the BOA seed amplifier, the 2 W Boostik fiber amplifier (upper left), and the
pre-mode-cleaner (PMC) that transmits the main beam for the GWD interferometer (upper
right). One low-power beam for power stabilization and two low-power beams for out-of-loop
power noise sensing are transmitted as well. The seed frequency reference and in-vacuum
ultra-low expansion glass ceramic (ULE) cavities used as the main frequency references for
in-loop and out-of-loop sensing are shown at the lower left. A diagnostic breadboard (DBB) for
automated free-running laser noise measurements is depicted at the lower right of the sketch.
Figure from [MKW22].

The combination of the Orion laser and the BOA pre-amplifier was tested in a stabilization
experiment in Section 4.3. The 2 W erbium-based fiber amplifier, called Boostik amplifier,
is seeded with 40 mW and integrated into the PSL. The 2 W and the 10 W versions of
this amplifiers with similar free-running noise performance were tested in Chapter 4. For
practical reasons the 2 W version was used for the full PSL demonstration described below.1

This all-fiber MOPA laser system is integrated into a free-space PSL setup, including
out-of-loop sensors for characterization of the stabilizations, as shown in Figure 5.1.

1 The 2 W version was chosen, because it is available with a standard FC-APC polarization maintaining
fiber output that can be extended with patch fibers, connected to a vacuum feed-through or connected
to further amplification stages. The higher power versions of these amplifiers are only provided with a
fixed attached collimator to the output fiber, due to limited power handling capabilities of the fiber
connectors.
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A fraction of the laser light is analyzed with an in-house build automated laser analysis
tool, called diagnostic breadboard. The free-running power, frequency and pointing noise
of the laser can be analyzed as well as the laser beam’s spatial mode composition [KW08].

5.1.1 Pre-mode-cleaner design
The main laser beam is coupled to a pre-mode-cleaner (PMC), which is a traveling wave
optical cavity in a bowtie shape. This cavity is placed in the output beam of the MOPA,
shown in Figure 5.1 on the right part. A flat mirror with specified 0.6 % power transmitivity
is the in-coupling mirror to this rigid-spacer cavity and a mirror with equal properties is
used for out-coupling of the main beam, as depicted in Figure 5.2. The bowtie cavity is
close to the impedance matched state as only a small fraction of the circulating light is
transmitted through the curved mirrors or scattered at the super polished mirrors. The
fraction of the light leaving the 𝑟 =−3 m curved mirrors with 75 ppm specified transmission
is used for power stabilization and out-of-loop power noise sensing purposes.

According to PyKat-simulations [Bro20], 97.2 % of the incident light can be transmitted
via the out-coupling mirror and 1.2 % each through the curved mirrors. Due to the
nonperfect impedance matching 0.4 % is reflected from the input mirror, even with a
perfect matched Gaussian beam. Because of different resonance conditions for the higher
order modes (HOMs) of the injected laser beam to the cavity, the transmitted beam is
spatially filtered and the HOMs are reflected by the cavity. In the here presented experiment
about 7 % of the incident light is reflected on resonance because of the reflection of the
phase modulation sidebands and 4.5 % HOMs, due to a nonperfect shaped injected beam
and nonperfect mode-matching to the cavity mode.

The free spectral range (FSR) of the cavity is 207 MHz1 and the finesse of 475 is calculated

360 mm

50
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m

5mm PZT ring Internal waist
w0 = 759 µm

Input/output waist
w0 = 646 µm

Venting hole
T = 75 ppm
r = −3000 mm

T = 75 ppm
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T = 0.6%
flat
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Figure 5.2: The top view drawing of the rigid PMC aluminum spacer with sketched mirrors
and the piezo-electric length control element (PZT) ring actuator. The mirrors are clamped
to the spacer, the clamping structure is not shown. The Gaussian eigenmode of the bowtie
resonator has two beam waists with different waist radii, the waist positions are marked with
small crosses.

1 Calculated from the round-trip length of 1.447 m with Equation 2.4.
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from the pole frequency of (218 ± 7) kHz, measured via an amplitude modulation transfer
function [Rak02]. The measured pole frequency is higher than expected from the simulation
results, which predicted a pole frequency of 201 kHz. This difference can be canceled in
the simulations by insertion of a lower coupling mirrors’ power reflectivity of 99.35 %.1

Due to the even number of cavity mirrors and no significant birefringence in the dielectric
coatings, the modes of both linear polarizations are co-resonant in the PMC. The cavity’s
eigenmode astigmatism can be quantified by 0.2 % beam waist radius mismatch between
the horizontal and the vertical axis, caused by hitting the spherical curved mirrors at
4° angle of incidence. The position of the HOMs in the FSR can be described by mode
spacing, the resonance frequency difference between the fundamental and a first order
mode [Sie86; Bon16]. The horizontal first order mode show an intensity modulation in
plane with the laser beam propagation in the cavity compared to the fundamental Gaussian
mode. The vertical modes show the intensity modulation along the perpendicular axis to
the beam propagation plane. The astigmatism of the cavity modes results in a different
horizontal and vertical mode spacing simulated to be 47.8 MHz respectively 47.7 MHz
for the HOMs distributed over the free spectral range.2 The measured mode spacing
is (48.9 ± 0.2) MHz for vertical modes and (47.3 ± 0.2) MHz for horizontal. The higher
difference in the mode spacing is probably caused by manufacturing tolerances of the
mirror curvatures or the mirror clamping, which could deform the mirrors and change their
curvature [Hei22].

The length of the PMC is stabilized to the laser frequency with the PDH technique
[Dre83; Bla01], using as actuator a 5 mm thick piezo-electric length control element (PZT)
ring, placed between the cavity spacer and one of the curved cavity mirrors. The necessary
phase modulation sidebands for the PDH error signal generation are imprinted at 154 MHz.
This frequency was chosen for all used cavities in the setup to be high enough for an error
signal generation with a bandwidth of up to 10 MHz and to not be resonant with any
HOMs in the cavities. In the cavity stabilization loop, an analog controller is used in the
feedback control, to achieve a control bandwidth of about 2 kHz.

5.1.2 Nonlinear noise coupling
It was found that the power noise of the laser beam transmitted through the stabilized PMC
is increased compared to the noise of the injected beam (see Figure 5.4). Measurements
with added frequency modulations to the laser source implied that a nonlinear coupling
from laser frequency noise to power noise in transmission of the PMC occurred. This
hypothesis is supported by simulations and explained with a qualitative model in this
section to infer the necessary steps for reducing this power noise.

The length of the PMC is actively controlled to meet the resonance condition for
the incoming laser light. This feedback control compensates for deviations between the
resonance frequency and the laser frequency 𝛿𝜈(𝑡) up to the control loop’s unity gain
frequency of 2 kHz. At higher Fourier frequencies, these deviations result in a power drop of

1 Which is still within the manufacturer tolerances of (0.6 ± 0.1) % for the power transmission.
2 The geometry of the PMC was adjusted for a high mode separation of the fundamental Gaussian

eigenmode to the HOMs with order lower than ten.
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the circulating power inside the cavity 𝑃𝑖𝑛𝑡𝑟𝑎 = 𝑃0,𝑖𝑛𝑡𝑟𝑎 + 𝛿𝑃𝑖𝑛𝑡𝑟𝑎(𝑡), because the resonance
condition is not maintained. For small deviations from resonance, the quadratic coupling
term is dominant. Hence, a resonance frequency mismatch 𝛿𝜈(𝑡) results in a relative
circulating power change of

𝛿𝑃𝑖𝑛𝑡𝑟𝑎(𝑡)
𝑃0,𝑖𝑛𝑡𝑟𝑎

≈ − 1
2𝑓2

𝑝

𝛿𝜈(𝑡)2 . (5.1)

For the approximation of the coupling factor, the definition that at a frequency deviation
of 𝛿𝜈(𝑡) = FWHM/2 = 𝑓𝑝 the circulating power is halved, was used (see Subsection 2.3.1).
The coupling factor scales with the inverse square of the cavity pole frequency 𝑓𝑝. Hence,
a cavity with a lower pole frequency show an increased the coupling factor. The power in
transmission 𝑃𝑡𝑟𝑎𝑛𝑠 of the cavity is linearly connected to the intra-cavity power 𝑃𝑖𝑛𝑡𝑟𝑎 via
the output mirror transmittivity. Thus, the relative power change in transmission of the
cavity is equal to the relative power change of the circulating field given in Equation 5.1.
At Fourier frequencies above the cavity pole frequency 𝑓𝑝, the power noise is filtered by
the cavity transfer function, see Figure 2.4.

To further investigate the effect of this nonlinearity, a time domain simulations with the
Simulink software package of Matlab was performed: Spectrally shaped random noise is
generated and then injected to a squarer. Finally, the output is compared to the input
noise spectral densities.

To mimic the frequency noise at high frequencies, white noise data is filtered with a low
pass filter and up-converted by mixing with a 1 MHz modulation to frequencies around
1 MHz or the generated white noise is used directly. From this data the input noise spectral
density is calculated, see blue curves in Figure 5.3. The data is as well processed by an
squarer, to simulate the effect of the nonlinear coupling in a cavity to the transmission
power. Finally, noise spectral density of that noise is calculates as well and shown in
red curves in Figure 5.3. The signal flow diagram of the simulation can be found in the
Appendix in Figure A.1.

Different spectral shapes of the input noise were tested and the most significant coupling
and agreement to experimental results were found for broad, high-frequency noise peaks
or white noise. The white frequency noise of the Orion laser at frequencies above 10 kHz,
in combination with a servo bump of a frequency stabilization could show such noise
spectral densities, see e.g. Figure 4.13. The resulting relative power noise is in the order
of magnitude of the observed power noise increase of the light transmitted by the PMC,
shown in Figure 5.4 (red curve).

By comparing the measurement in Figure 5.4 (red curve) with the simulation in Figure 5.3,
the origin of the increased power noise seemed to be an at least 100 kHz broad noise peak
or even white noise to generate flat power noise up to 100 kHz. Additionally, it was found
that a root mean square (RMS) frequency derivation of a few kHz is required to generate
relative power noise levels around 1 × 10−5 Hz−1/2 . Changes of the input noise peak’s center
frequency in the MHz range do not affected the shape of the power noise below 100 kHz.

For the description in frequency domain, a modeling with coupling transfer functions is
not possible because of the nonlinear coupling. Alternatively, a measure for the coupling
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Figure 5.3: Within a Simulink simulation, time domain data with a shown corresponding
noise spectral densities were generated (blue curves). The time data is then squared, multiplied
by the coupling factor, filtered by the cavity transfer function, and the resulting amplitude
spectral densities are calculated (red curves). The quadratic nonlinearity result in a down- and
up-conversion of the noise peak to frequencies below half the peak bandwidth and to 2 MHz.
The resulting power noise level show a dependence on the root mean square (RMS) value of
the time data. Left: A frequency noise level similar to the measurement of the Orion laser
was assumed. The simulations for a noise peak bandwidth (BW) of 100 kHz and 10 kHz are
shown, as well as white input noise with a similar RMS values. Right: The simulations for a
noise peak BW of 100 kHz and 10 kHz shows that the noise increase at low frequencies reach
up to the frequency of the noise peak BW. The strong noise decrease above 4 MHz could be a
simulation artifact.

strength is the standard deviation or RMS value of the frequency noise above the unity-
gain frequency (UGF) of the cavity length stabilization, because this describe an average
mismatch from the resonance condition. An increased standard deviation of the frequency
noise result in an increase in coupling strength to power noise. Additional simulation1

confirmed this connection to the standard deviation of the frequency noise.2
This nonlinear coupling can be also interpreted as an intermodulation between noise

at different Fourier frequencies. For the noise peak at 1 MHz, a classical mixing with a
1 MHz sinusoidal signal would result in a peak at 2 MHz and low frequency components
with Fourier frequencies as high as half the BW of the noise peak. For intermodulation,
the most relevant frequencies are in the BW of the noise peak, resulting in a mixing similar
to a sinusoidal signals but with a random phase [Hob09].3 For this kind of noise coupling
the input noise is often called out-of-band noise, when the intermodulation transforms this
noise into the band of interest [Sei10, Section 4.6].

1 Not all of them are shown in Figure 5.3.
2 The standard deviation value can be calculated as the frequency integral over the squared amplitude

spectral density. The resulting standard deviation is the square root of the result. Hence, for an overall
noise level increase, the standard deviation increase with the same factor.

3 The white noise can be interpreted as a maximal widened noise peak.
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Figure 5.4: The power noise of the free-running laser (yellow curve) is lower than the power
noise in transmission of the PMC (red curve). This is due to nonlinear frequency-noise to
power-noise coupling in the PMC that can be lowered by a fast frequency stabilization of
the seed laser (blue curve). (All measurements were taken with disabled power stabilization.)
Modified figure from [MKW22].

This reasoning, tests and the simulation lead to the conclusion that the RMS mismatch
between cavity resonance frequency and laser frequency defines the nonlinear coupling
strength to the excess power noise. The frequency noise of the used seed laser is white
above 10 kHz (see Figure 4.2 or 5.9) resulting in a dominant contribution to the standard
deviation from the higher Fourier frequencies, assuming that the PMC’s length control
compensates for the mismatches at low Fourier frequencies.

5.1.3 Seed frequency stabilization
To reduce the excess power noise, described in last subsection, a particularly fast seed laser
frequency stabilization is implemented into the setup. This stabilization is later nested in
the final frequency stabilization and is therefore referred to as inner loop. A small fraction
of the seed laser light is picked off with a fiber coupler after a fiber Faraday isolator and a
waveguide fiber phase modulator. The picked-off light is sent via fiber to a breadboard
with a triangular, length tunable rigid-spacer cavity. For the stabilization of the laser
frequency the PDH technique is used and the feedback signals act on the laser’s pump
current and are added to the phase modulator signals to stabilize the frequency below and
above 10 kHz respectively. A UGF of 2.1 MHz for this feedback control loop was achieved,
see Figure 5.5.
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It was not necessary to isolate the seed frequency reference from environmental distur-
bances as the main frequency stabilization of the PSL in GWDs is performed with so-called
outer loops that stabilize the laser with respect to well isolated frequency references. Such
references are provided as integral parts of the GWD’s optical layout ,e.g. by input mode
cleaners, the power recycling cavity or arm cavities. In this experiment isolated ultra-low
expansion glass ceramic (ULE) cavities were used to represent such frequency references (see
next subsection). The main purpose of the seed frequency stabilization is to suppress the
fast frequency fluctuations of the laser that drives the power noise increase in transmission
of the PMC. Therefore, the stabilization loop is designed with the very high UGF but also
with a gain margin of 6 dB and a phase margin of 63° to ensure robust operation with only
small excess noise around the UGF. The achieved noise reduction shown in Figure 5.4 will
be further discussed in Subsection 5.2.1.

5.1.4 Frequency stabilization to an isolated reference cavity
For the demonstration of a laser frequency stabilization two almost identical stable triangular
cavities with rigid ULE spacers are used. All mirrors of the in-loop cavity and the planar
mirrors of the out-of-loop cavity are optically contacted to the spacer. The curved mirror
of the out-of-loop cavity is glued.1 The cavities are placed on fluorine rubber pads inside a
vacuum tank with a pressure of 2 × 10−2 mbar for acoustic and seismic shielding. A power
of 18.6 mW is sent to the in-loop reference cavity and a power of 6.5 mW is used for the
out-of-loop frequency noise measurements, see Figure 5.1.

The free spectral range of the ULE cavities is 702 MHz and the measured pole frequencies
are 115 kHz for the in-loop cavity and 132 kHz for the out-of-loop cavity. The laser frequency
is stabilized with a UGF of 180 kHz to a fundamental mode resonance of the in-loop ULE
cavity. The error signal is generated with the PDH technique and the feedback is split
into two paths. The low frequency tuning (below a few Hz) is performed by acting on the
length of the seed frequency reference and for higher frequencies, the feedback is added to
the error point of the seed frequency stabilization loop. The bode plot of the open-loop
transfer functions are shown in Figure 5.5. In addition, the noise suppression magnitudes
of the seed stabilization and of the combined nested feedback control loops are shown.

The reduction of the frequency noise is ultimately limited by the magnitude of the total
noise suppression, but the sensor noise and frequency noise, potentially added by the laser
power amplifiers, can degrade the performance. The sensor noise of the seed reference
cavity, like length fluctuations or electronic readout noise limit the effective noise reduction
of the inner loop. The pre-stabilized laser beam passes the amplifiers and finally, the laser
frequency is sensed by the in-loop ULE cavity. This outer loop stabilization sensor can
limit the frequency stability with its sensor noise. Therefore, an out-of-loop frequency
sensor was implement for a full noise characterization of the achieved frequency stability.

1 Because at the time of building this cavity, no optically contactable curved mirror was available.
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Figure 5.5: The bode plot of the open-loop transfer functions measured for the seed frequency
stabilization (green) shows a higher UGF than the outer loop (blue), which is the stabilization
to the in-loop ULE cavity. The magnitudes of the noise suppression transfer function from the
two nested control loops add up to the calculated total noise suppression magnitude (red).

Out-of-loop frequency noise measurement
An independent analysis of the frequency noise of the stabilized laser is performed using
the out-of-loop ULE cavity. Due to a small length difference of the two rigid ULE cavities,
they are not resonant at exactly the same laser frequencies. Measurements show that the
resonance frequencies are about 130 MHz apart with a small dependence on the mounting
of the cavities and the lab temperature.

Additional phase modulation side bands were imprinted onto the laser at exactly the
difference frequency between the two cavity resonance frequencies, by adding the signal
to the fiber phase modulator signal. An error signal is generated via demodulation of the
photodiode signal in reflection of the out-of-loop cavity with this modulation frequency.
This error signal is proportional to the frequency difference between one phase modulation
sideband and the out-of-loop cavity’s resonance frequency. For a constant modulation
frequency the sideband’s frequency fluctuations are identical to the frequency fluctuations
of the carrier light. Hence the generated error signal carries information of the carrier
frequency fluctuations with respect to the out-of-loop’s frequency reference.

A feedback control loop with 25 kHz UGF is used to control the phase modulation
frequency, such that the phase modulation sideband is kept resonant in the out-of-loop
ULE cavity. This ensures that the error signal is always valid and has a constant slope,
independent of slow drifts between the in-loop and out-of-loop cavity. The out-of-loop
measurement of the frequency noise is performed by capturing the error and control signal
of that feedback loop and the measurement results are discussed in Subsection 5.2.1.



70 Chapter 5 Stabilized Laser System at 1550 nm Wavelength
for Future Gravitational Wave Detectors

5.1.5 Power stabilization
The sensor for the power stabilization of the laser system is placed in one of the low-power
transmission ports of the PMC. This is beneficial, as the power noise added by the PMC via
frequency noise to power noise conversion and beam pointing to power noise conversion can
be sensed together with the power noise of the laser source at this port. The power noise
from these different origins can simultaneously be suppressed with a single control loop.
The light that is transmitted through the other low-power port of the PMC is split equally
and detected by two out-of-loop photodiodes. The power in the in-loop and out-of-loop port
is detected by InGaAs photodiodes in combination with active transimpedance amplifiers.
The two out-of-loop sensors allow for two individual out-of-loop power noise measurement.
They are also used for a cross-spectral density measurement, accessing the power noise
below the shot noise limit of the out-of-loop detectors [VW22].
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Figure 5.6: The measured open-loop transfer function of the laser power stabilization is
shown in blue. From this transfer function the magnitude of the noise suppression is calculated
and shown in red. The noise suppression steeply improve towards frequencies below the UGF,
but at cost of low gain and phase margins resulting in a noise amplification around 1.2 MHz.

Subtracting a reference voltage from the in-loop sensor signal, a laser power error signal
is generated and a feedback controller acts on the semiconductor amplifier’s pump current
for noise suppression at high frequencies. Drifts at low frequencies, below 1 kHz, are
compensated with an acousto-optical modulator placed in the in-air propagation path of
the 2 W laser beam. In Figure 5.6, the open-loop transfer function of this power stabilization
is shown with its UGF of 1.1 MHz.

To improve on the out-of-loop characterization of the power stabilization, a cross-
correlation based technique is introduced in the following subsection.
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5.1.6 Quantum correlation measurement
The cross-spectral density (CSD) measurement between two out-of-loop sensors can help to
improve the accuracy in noise characterization. Especially, laser power noise characterization
in the scope of GWDs is limited by the shot noise of the sensing beam. The here described
method is discussed in full detail in [VW22], where a full quantum mechanic description is
presented. Here, a brief introduction on this characterization technique is given.

Figure 5.7: Schematic setup of a power stabilization with two out-of-loop sensors to perform
a cross-spectral density (CSD) besides the conventional out-of-loop measurements.

Figure 5.7 shows the basic sketch of a laser power stabilization with an in-loop sensor and
two out-of-loop photodetectors. For a conventional out-of-loop measurement, the spectral
density of one of the out-of-loop detector’s signals, or the sum of both detectors’ signals, is
recorded. This measurement is limited by the shot noise of the sensed laser beam, where
the limit depends on the sensed power, see Equation 2.10. The shot noise adds a white,
frequency independent, noise limitation to the out-of-loop measurement. Considering a
relative power noise measurement, the shot noise limited sensitivity scales with 1/

√
𝑃 for

the detected laser power 𝑃 .
The maximal detectable laser power is limited, by the damage threshold of the photodi-

odes and the affordable laser power for the out-of-loop sensing. Hence, the achievable shot
noise level is limited. As an alternative, the CSD 𝑆2

𝑥𝑦(𝑓) of the two out-of-loop detector
signals 𝑥(𝑡) and 𝑦(𝑡) can be used [Ben10]. This CSD is the Fourier transformation of
the cross-correlation between the two sensor signals, and according to the convolution
theorem, this is the product of the Fourier transformed signals, one of which is complex
conjugated [Rey89].

In practice this can be approximated with the complex, windowed fast Fourier transfor-
mations (FFTs) of the signals 𝐹𝐹𝑇𝑥 and 𝐹𝐹𝑇𝑦 to [Sta17]:

𝑆2
𝑥𝑦(𝑓) ≈ 1

𝑁

𝑁∑︁
𝑘=1

𝐹𝐹𝑇 *
𝑥,𝑘(𝑓)𝐹𝐹𝑇𝑦,𝑘(𝑓) , (5.2)

as the average of their product, where 𝐹𝐹𝑇 *
𝑥 is complex conjugated. Here, 𝐹𝐹𝑇𝑥,𝑘(𝑓) is the

FFT of the 𝑘-th measurement interval of the sensor signal 𝑥(𝑡) and similar for 𝑦(𝑡) at Fourier
frequency 𝑓 . Uncorrelated signal components in the two signal result in a random phase
relation between their FFTs. Hence, with an increasing number of averages 𝑁 their average
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tent to zero. For a high enough number of averages, the remaining complex amplitude
describe the correlation between the two signals and is a good approximation for 𝑆2

𝑥𝑦(𝑓).1
The corresponding relative amplitude spectral density of the correlation 𝑆𝑟𝑒𝑙. 𝐶𝑆𝐷 is, in

the case of two power detectors [VW22]

𝑆𝑟𝑒𝑙. 𝐶𝑆𝐷 =

√︁
𝑆2

𝑥𝑦(𝑓)√︀
𝑃𝑥𝑃𝑦

, (5.3)

where 𝑃𝑥 and 𝑃𝑦 are the mean values of the signals from the two power sensor. High
detection powers and a maximization of their product by choosing similar power levels on
both detectors is beneficial for a precise power sensing of the individual detectors. This
results in a fast convergence and typical better reduction of uncorrelated sensing noise.

The magnitude of the relative CSD 𝑆𝑟𝑒𝑙. 𝐶𝑆𝐷 is the uncorrelated sum of all noise that are
correlated for both out-of loop detectors. Thus, the technical laser power noise, introduced
in Section 2.3.4, is reproduced by this quantity. Any sensor noise of the in-loop sensor of a
power stabilization within its control bandwidth will also be visible, as it is imprinted as
laser noise by the control loop (see Section 3.4.1). Additionally (anti-)correlated pointing
noise and technical noise measured with both out-of-loop detectors contribute to 𝑆𝑟𝑒𝑙. 𝐶𝑆𝐷.2

All uncorrelated noise do not contribute to the relative CSD 𝑆𝑟𝑒𝑙. 𝐶𝑆𝐷. Imaging a ideal
(classical) laser beam, which can be described in quantum optics as a coherent state, see
Section 6.1. By distributing to the two out-of-loop detectors, the field amplitude decreases,
but the quantum noise is transformed differently by the beam splitter than the classical
field amplitudes: two new coherent states with lowered amplitude are generated, both of
which show shot noise upon detection according to their power levels (see Equation 2.10).
In the case of a coherent state of the input light field, the shot noise on both detectors is
uncorrelated and thus cannot limit the sensitivity of that measurement. The same is true
for uncorrelated electronic noise of the detectors, like the noise of their transimpedance
amplifiers. Provided, the measurement times are long enough to approximate 𝑆𝑟𝑒𝑙. 𝐶𝑆𝐷 well.

These characteristics make this kind of CSD measurement, called quantum correlation
measurement, an ideal tool for out-of-loop characterization of feedback control loops, as
several limitations of a single sensor can be surpassed. This technique is only capable to
generate spectral data, typically used for noise characterization, because the increase in
sensitivity is accomplished by spectral averaging of a product of two signals. Information
on the instantaneous laser power cannot be generated with this technique, which would be
required to improve the sensor noise in power stabilization loops [VW22].

This technique was already applied for free running laser power noise characteriza-
tion [VW22], characterization of noise sources in GWDs [LSC17; Bui20b] and for interfero-
metric sensing of liquid surface fluctuations [MA13]. In Subsection 5.2.2, this technique is

1 The convergence with the number of averages can be monitored by the remaining fluctuation of the
phase of 𝑆2

𝑥𝑦(𝑓).
2 A hint that 𝑆𝑟𝑒𝑙. 𝐶𝑆𝐷 is not fully dominated by the technical power noise is given by its phase: If its

phase is not close to zero, then this indicates that (partly) anti-correlated noise sources couple.
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applied to characterize the power stabilization of the laser system.
In the following section, the measured noise performance of the stabilizations is shown.

5.2 Results and discussion
Before characterization of the stabilized noise, the free-running laser noise of the MOPA
laser system was monitored with the DBB [KW08]. Every 6 hours, a set of measurements
was taken. 47 measurements of the free-running power noise over an exemplary time period
of 12 days are shown in Figure 5.8. The data was merged from different whitening stages
of one sensor. The merging weighting functions are describes in the appendix A.2. The
deviation between the measurements are very small, such that the shown 47 traces mainly
lie on top of each other. The frequency independent noise floor between 5 Hz and 10 kHz
is caused by the fiber amplifier. A similar noise signature was measured in all tested
erbium-based fiber amplifiers and is shaped by the pump-light to output-power transfer
function of the amplifier [MW21] or see Chapter 4.
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Figure 5.8: Free-running relative power noise measurements of the MOPA system (47 in-
dependent curves). The measurements are taken over a time period of 12 days with the
automated diagnostic breadboard. Modified figure from [MKW22].

The data from the 47 frequency noise measurements is shown in Figure 5.9. This noise
shows the typical shape of the noise of an ECDL, namely a 1/𝑓 -noise at low frequencies and
above 10 kHz an almost frequency independent noise [THB19]. In the full frequency band,
the seed laser dominates the measured frequency noise of the MOPA system, see Chapter 4
or [MW21]. These measurements demonstrate the stationarity of the free-running laser
noise of the chosen MOPA configuration.
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Figure 5.9: Free-running frequency noise measurements of the MOPA system (47 independent
curves). The measurements are taken over a time period of 12 days. Each curve is compiled from
the error and control signal of a length stabilized cavity in the diagnostic breadboard. Above
10 kHz, a different data acquisition system was used, which shows in a few traces measurement
artifacts potentially caused by electronic saturation. Modified figure from [MKW22].

5.2.1 Frequency stabilizations
To measure the frequency noise of the stabilized laser, three optical cavities, which are not
part of the frequency stabilization loops, are available in the setup. The resonator in the
DBB, with a 31 mm PZT for length tuning, is designed to measure the frequency noise of the
free-running lasers. Because of the length noise of its long PZT, this sensor is not sensitive
enough to analyze a frequency stabilized laser. Furthermore, the implemented dither
modulation technique limits the highest measurement frequency to a Fourier frequency
of 500 kHz. The length stabilization of the PMC uses the PDH technique to generate the
error signal. Thereby, frequency noise measurements to higher Fourier frequencies are
possible. However, this cavity is similarly to the DBB cavity sensitive to low frequency
acoustic noise coupling and via the installed PZT length actuator sensitive to electronic
noise. Both effects limit its low frequency performance. For an out-of-loop frequency noise
measurement at lower frequencies, the second ULE cavity is used inside the vacuum system.

Figure 5.10 shows the frequency noise of the light that leaves the PMC in the direction
of a potential GWD interferometer. Measurements in different states of the inner and outer
frequency control loops, as measured with the PMC, are projected to the light transmitted
by the PMC. Here, the PMC is taken as a frequency reference to calculate the laser’s
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Figure 5.10: Frequency noise measurements performed with the PMC. The frequency noise of
the free-running laser (yellow curve) is lowered by the seed frequency stabilization (red curve)
and is further suppressed by the stabilization to an in-vacuum ULE cavity (blue curve). For
comparison, the free-running laser measured with the DBB is shown (dashed curve). Above
200 kHz the PMC passively filter the frequency noise (compare the dashed to the yellow curve).
Modified figure from [MKW22].

frequency noise from the error signal of the PMC control loop projected with the noise
suppression transfer function of this control loop. The yellow curve shows the free-running
noise of the MOPA system and the noise reduction in the red curve results from enabling
the inner frequency stabilization loop. The effect of the passive noise filter function of
the PMC can be seen: above its pole frequency of 218 kHz the yellow curve is lowered in
comparison to the dashed measurement with the DBB in Figure 5.10. As expected, the
high gain and phase margins of the inner frequency stabilization avoids any significant
increase of the frequency noise above the UGF of 2.1 MHz (Figure 5.10, red curve). The
frequency noise reduction below 1 MHz strongly reduces the nonlinearily imprinted power
noise in transmission of the PMC (see Figure 5.4).

The outer loop of the frequency stabilization further reduces the frequency noise of the
laser system below 100 kHz, shown in Figure 5.10 in the blue curve. But this feedback
control loop has lower phase and gain margins, resulting in a moderate increase in frequency
noise above its UGF, of 180 kHz, compared to the noise when only the seed stabilization
is in operation. At low frequencies, dark noise and PMC length noise contaminate the
frequency noise measurements.

At lower frequencies, the out-of-loop frequency noise measurement is performed with a
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Figure 5.11: The out-of-loop frequency noise of the PSL is measured with a second rigid ULE
cavity, placed in vacuum. Top: from the control and error signals of the sideband-frequency
stabilization to the second rigid ULE cavity’s resonance frequency, the frequency noise of the
stabilized laser at the PMC output is calculated. The shown dark noise is the dark noise of the
error signal, which is the technical noise limit for this measurement. For comparison, the out-
of-loop measurement with the PMC from Figure 5.10 is added. Modified figure from [MKW22].
Bottom: coherence of the control signal of the out-of-loop ULE cavity to the signal of a
vertical geophone, placed on top of the ULE cavities’ vacuum tank. The measured frequency
noise show a high coherence to vertical motion below 1 kHz.

second ULE cavity inside the vacuum system. As described above, a phase modulation
sideband was stabilized to this ULE cavity with a UGF of 25 kHz and the error and control
signal of the utilized feedback control loop revealed the frequency noise of the stabilized laser.
Figure 5.11 shows the frequency noise measured with the out-of-loop ULE cavity. It should
be noted that the frequency noise is projected to the frequency noise of the light leaving,
the PMC for a better comparison with the measurements presented in Figure 5.10. This
projection accounts for the pole frequency difference between this ULE cavity and the PMC,
and thus the different corner frequencies in their filter transfer function (see Figure 2.4).
Coherence measurements between the control signal of the sideband stabilization loop and
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a vertical geophone on top of the vacuum tank (L-22D [Kir17]) confirmed that the noise at
frequencies below 1 kHz is correlated to vibrations of the vacuum tank, see lower plot in
Figure 5.11. Horizontal motions were not measured but potentiality couple similar to the
length noise of the ULE cavities. At frequencies above 10 kHz, the achieved noise reduction
is limited by the loop gain of the laser frequency stabilization.

With the frequency stabilization of the laser, the nonlinear coupling to power noise
is lower at the PMC, described in Subsection 5.1.2, and thereby provides a power noise
magnitude that can be stabilized to the shot noise limit of the in-loop detector.

5.2.2 Power stabilization
For the active feedback stabilization of the laser power, a photodetector at one of the low-
power transmission port of the PMC detects 13 mA photocurrent. This sensor is used in an
analog feedback control loop for a high noise suppression below 100 kHz Fourier frequency.

The other, low-power PMC port hosts two similar out-of-loop detectors, optimized for
low electronic noise [MK20]. Photocurrents of 7 mA and 8 mA, respectively, are detected.
In Figure 5.12, the out-of-loop relative power noise measurement of one of these detectors
is shown in blue, which is largely limited by the detection shot noise. This limit can be
bypassed with the introduced CSD measurement technique of the signals from the two
out-of-loop detectors. This method allows for a power noise detection that is not limited
by the shot noise of the out-of-loop detector and, thus, represents the noise on the light
relevant to the GWD.

The CSD measurement with two out-of-loop detectors was able to reconstruct the in-loop
sensing shot noise: The measurement presented in Figure 5.12, red curve, shows that the
power stabilization is limited between 200 Hz and 70 kHz by the shot noise of the in-loop
detector, which is at 5 × 10−9 Hz−1/2.

Above 70 kHz the power stabilization is loop gain limited and cannot reduce the free-
running noise to the shot noise of the in-loop detector, see Figure 5.12. At frequencies
around the UGF of 1.1 MHz, the control loop amplifies the measured noise (see the noise
suppression in Figure 5.6). This added noise is filtered by the PMC transfer function (see
Figure 2.4) and is in a frequency span, where requirements are typically relaxed for
ground-based, interferometric GWDs [Wil11]. At frequencies below 200 Hz the control loop
performance might be limited by electronic noise, laser beam pointing on the photodiodes
and particles passing the laser beam path. The increases towards low frequencies of the
in-loop noise can be explained by the electronic dark noise of the in-loop measurement.
Even though, the power noise at 1 Hz is roughly one order of magnitude above the shot
noise, it is still lower than the power noise achieved in earlier experiments with in-air
sensing (e.g. [Kwe12; Thi19]).

A highly reliable, simultaneous operation of the frequency, power and PMC length
stabilizations without re-locks for 16.95 h was observed. After that duration the continuous
operation was interrupted by human interaction. After the beam pick-offs for all stabiliza-
tions and the transmission through the PMC a laser power of 1.6 W was measured, usable
for high precision experiments relying on a low noise laser source at 1550 nm wavelength.
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Figure 5.12: The out-of-loop relative power noise was measured as an amplitude spectral
density with a single photodiode detector (blue curve) and via a cross-spectral density (CSD)
measurement between two out-of-loop detectors (red curve). These measurements are compared
to the in-loop noise of the power stabilization loop (yellow curve). Above 200 Hz the blue curve
is limited by the combined shot noise of the in-loop and out-of-loop detector, whereas the red
curve is limited by the shot noise of the in-loop sensor only. Modified figure from [MKW22].

5.3 Conclusion and outlook
A stabilized laser system at a wavelength of 1550 nm for future GWDs was presented, built
from commercial lasers, low noise sensors, fast actuators, and analog control loops with
high UGFs. Based on the aLIGO PMC for 1064 nm wavelength [Pöl12], design decisions
for an improved mode cleaner were made, reaching a distinguishability of the vertical
and horizontal HOM resonance peaks, a lower pole frequency for improved passive laser
noise filtering, a smaller total size, clamped mirrors for renewal and inspection as well
as all vacuum compatible material to avoid outgassing, which could contaminate the
cavity mirrors.

Due to the observation of nonlinear frequency noise to power noise coupling in the
PMC, a nested control loop configuration for the frequency stabilization of the laser was
implemented. The inner loop only senses and controls the frequency of the seed laser of
a MOPA configuration. This loop provides actuation inputs for an outer loop that will
use the GWD interferometer as a frequency reference or its suspended input mode cleaner
cavities. In the here presented experiment, an isolated ULE cavity was used to mimic that
reference. With this nested frequency stabilization system, significant reduction of the
nonlinear coupling was shown and a high UGF for the outer loop was demonstrated to
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suppress the free running noise of the laser. This allows for large gains and an associated
high noise reduction in GWD interferometer based control loops.

In comparison to the high power laser systems at 1064 nm wavelength, used in currently
operating second-generation GWD [Bod20; CCK19], the presented PSL shows increased
UGFs of the power and frequency stabilization loops, made possible by the fast, integrated
power actuator of the semiconductor amplifier and fiber based phase actuators.

The performance of the power and frequency stabilization was analyzed with out-of-
loop sensors. A second in-vacuum ULE cavity in combination with a sideband locking
scheme revealed low frequency noise down to 400 mHz Hz−1/2 and a cross-correlation
based out-of-loop power detection scheme confirms a shot-noise limited relative power
noise of 5 × 10−9 Hz−1/2. Although further work is needed to identify and eliminate
sensor noise at low Fourier frequencies, the PSL presented demonstrates a control loop
topology and performance suitable for future GWDs. If required, the output power of
the PSL can be increased via the above mentioned commercial 10 W fiber amplifier or a
large mode area erbium-ytterbium-doped (Er3+:Yb3+) fiber amplifier with output power
levels of 100 W [Var17].

Even though, the here presented results focus on the use in GWDs operating at
1550 nm, the demonstrated PSL can also be used for other high precision metrology
experiments and the stabilization concepts can be applied at different wavelength, e.g.
for a MOPA laser system with ECDLs and semiconductor pre-amplifier for a GWD
operating at 2 µm [Kap20; Rei19a].

In the following chapter, a fraction of the stabilized laser beam is used to generate
vacuum squeezed states of light at 1550 nm within the frequency band of ground-based
GWDs. The laser stabilizations and their actuators allow for a reduction of laser noise
coupling to the squeezing experiment and a characterization of noise coupling paths.





CHAPTER 6
Squeezed States of Light for Future Gravitational Wave Detectors
at a Wavelength of 1550 nm

The goal of the gravitational wave detector’s (GWD’s) stabilized laser system is accom-
plished, when the technical laser noise levels are low enough not to limit the GWD’s
sensitivity. When also the other subsystems of a GWD successfully reduce their classical
technical noise to that limit, then the detector’s sensitivity is limited by quantum noise in
most regions of its detection band [Bui20b], see Section 2.1 and Figure 2.2.

Furthermore, reduction of the quantum noise is then desired. The quantum noise in
the enhanced Michelson interferometer of the GWD is composed of the detection shot
noise and the quantum radiation pressure noise.1 A quantum noise reduction technique is
to inject squeezed vacuum states of light into the output port of the detector, as shown
in Figure 2.1. One of these two quantum noise terms can be reduced depending on the
phase relation between the squeezed vacuum field and the bright field in the Michelson
interferometer [Cav81]. The detection shot noise could as well be improved by increasing
the laser power in the interferometer, but at the cost of a higher heat load on the mirrors
due to absorption and possible parametric instabilities in the arm cavities [Deg13; EBF10].
The second generation of GWDs, the aLIGO and Advanced Virgo detectors reached a shot-
noise reduction of about 3 dB [Tse19; Ace19; McC21]. At GEO600, recently, a quantum
shot-noise reduction of 6 dB was demonstrated [Lou21] using squeezed light.

For a quantum noise reduction over the full detection band, the frequency-independent
squeezed light can be converted into frequency-dependent states with detuned, over-
coupled optical filter cavities [Cav81; Kim01]. This was demonstrated at GWD detection
frequencies [Zha20; McC20], and currently intense research activities for integration at the
advanced detectors are ongoing.

The use of squeezed light is a key ingredient in the design of all third-generation ground-
based GWDs, demanding an effective quantum noise reduction of 10 dB in the gravitational
wave detection channel [ET 20; Rei19b]. Some of these future GWDs aim to reduce mirror
thermal noise via cryogenic cooling combined with adapted mirror materials like silicon,
as discussed in Section 2.1.2. This requires a change in the operating wavelength from
1064 nm to 1550 nm or 2 µm [ET 20; Eva21; Rei19b] and the development of high-efficiency
squeezed light sources at these wavelengths.

So far, squeezing levels of 13.1 dB [STS18] and 7.2 dB [Dar21] were demonstrated
in the MHz regime at 1550 nm and 2128 nm, respectively. At audio-band frequencies,

1 See equations 2.1 and 2.2 for the case of a simple Michelson interferometer.
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11.4 dB [Meh11] and 4 dB [Man18] were achieved at 1550 nm and 1984 nm without the
stabilization of the squeezed light phase. With a phase stabilization, 8.2 dB [Sch18a] and
3.9 dB [Yap19] were reported. None of the demonstrated squeezed light sources was able
to generate and detect squeezed states of light in the most relevant detection band for
third-generation GWDs below a Fourier frequency of 500 Hz. Technical power noise of the
used free-running lasers and stray light cause major parts of the low frequency limitations
[Thi16; Sch18a; Meh11; Man18]. Thus, a stabilized laser at 1550 nm wavelength in combi-
nation with stray light mitigation techniques could be beneficial to generate squeezed light
in the full detection band of ground-based GWDs. The stabilized laser system described
in Chapter 5 was used as the main laser source of the squeezed light source presented
in this chapter.

This chapter begins in Section 6.1 with an introduction of the quantum mechanic
description of coherent light, the generation of squeezed vacuum states, and an extended
model for the detection with a balanced homodyne detector (BHD), followed by the review
of the effects caused by phase noise and optical loss for squeezed vacuum states. Based
on a paper published in Physical Review Letters [MWV22], the experimental results are
described in the next sections. Here, the two design concepts of the optical parametric
amplifier (OPA) cavities, which are used in current operating GWDs at 1064 nm wavelength,
are tested at 1550 nm wavelength. Linear, half monolithic OPA cavities are used at GEO600
and Virgo. With this kind of OPA the highest squeezing factors have been demonstrated:
15 dB in the MHz range [Vah16] and 12.0 dB in the audio band [MV18], the latter of which
is relevant for all second-generation GWDs, which operate at 1064 nm wavelength. The
LIGO GWDs use a bowtie OPA design [Chu11; Wad15]. In a separate experiment this
OPA design generated 11.6 dB squeezed light in the audio band [Ste12].

Section 6.3 presents the performance of the linear cavity OPA at MHz frequencies by
evaluating models for the optical loss and phase noise of the squeezed fields. Thereby,
the quantum efficiency of the detection positive-intrinsic-negative (PIN) photodiodes at
1550 nm wavelength is precisely estimated. In the following section, a bowtie cavity OPA
is characterized with similar squeezing measurements. All the characterized contributions
to the loss and phase noise budget limit the maximum achievable quantum noise reduction
via squeezed states of light in the presented experiment. In a similar way, they would also
limit the improvement in a GWD.

The generation and detection of sub-audio-band squeezed vacuum states of light are
presented in Section 6.5. These measurements performed with the bowtie OPA cover the
frequency range of current and proposed interferometric, ground-based GWDs.

6.1 Squeezed states of light

In this section the theoretical backgrounds of the generation and detection of squeezed
vacuum states are introduced mostly based on the description in [GK04; Boy08; Ste15],
starting with the quantization of electromagnetic field presented in the next subsection.
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6.1.1 Quantization of the electromagnetic field

For simplicity a plane electromagnetic wave, traveling along the 𝑧-axis with a linear polar-
ization is assumed. Its quantization can be expressed in different operator bases [GK04]:

�̂�(𝑡) =𝐸0
[︀
�̂�(𝑡) + �̂�†(𝑡)

]︀
sin(𝑘𝑧) or (6.1)

�̂�(𝑡) =2𝐸0

[︁
�̂�1 cos(2𝜋𝜈𝑡) + �̂�2 sin(2𝜋𝜈𝑡)

]︁
sin(𝑘𝑧). (6.2)

The field could be described with the time dependent annihilation operator �̂�(𝑡) =
�̂�(0) exp(−2𝜋i𝜈𝑡) and creation operator �̂�†(𝑡) = �̂�†(0) exp(2𝜋i𝜈𝑡) together with the electric
field amplitude 𝐸0, which contains the polarization vector and scaling factors. The elec-
tromagnetic wave is modeled as standing wave along the 𝑧-axis, with the wave number
𝑘 = 2𝜋/𝜆 and the temporal frequency 𝜈.

Alternatively the quadrature basis can be chosen, connecting via

�̂�1 = 1
2(�̂�(0) + �̂�†(0)) and �̂�2 = i

2(�̂�(0) − �̂�†(0)) (6.3)

to the annihilation and creation operators. Here, the quadrature operator �̂�1 is interpreted
as the in-phase oscillating amplitude of the electric wave, called the amplitude quadrature
and �̂�2 is the orthogonal operator, named the phase quadrature operator. The operator of
the magnetic field of this electromagnetic wave have a similar composition, connected via
the Maxwell equations to the electric field operator �̂�(𝑡) [GK04].

The fluctuations of the quantity measured by the operators can be described by their
variance 𝛥2, when they are applied to a quantum state |𝛹⟩:

⟨𝛹 |𝛥2�̂�|𝛹⟩ = ⟨𝛹 |𝑋2|𝛹⟩ − ⟨𝛹 |�̂�|𝛹⟩2 . (6.4)

The square root of this variance is the standard deviation. It can be shown that the two
quadrature operators satisfy the commutator relation

[�̂�1,�̂�2] = i
2 , (6.5)

resulting in an uncertainty relation for the product of the variances as [GK04]:

𝛥2�̂�1𝛥2�̂�2 ≥ 1
16 . (6.6)

This uncertainty relation translate into the measured quantum noise, like the shot noise
measured with a photodetector.

For a minimum uncertainty state, the product of the variances is minimized. A set of
quantum states with such minimum uncertainty are the coherent states |𝛼⟩, which are the
eigenstates of the annihilation operator:

�̂�|𝛼⟩ = 𝛼|𝛼⟩ . (6.7)
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The real part of 𝛼 is proportional to the amplitude of the field in Equation 6.1 and the
imaginary part is proportional to the magnetic field amplitude. These kinds of quantum
states are a good description of ideal laser beams, with a power proportional to |𝛼|2. Thus,
the vacuum state |0⟩ has a coherent amplitude of 𝛼 = 0, which also correspondents to the
zero photon state [GK04].

The coherent states are minimum uncertainty states, where the variances are equal for
both quadratures:

⟨𝛼|𝛥2�̂�1|𝛼⟩ = 1
4 = ⟨𝛼|𝛥2�̂�2|𝛼⟩ . (6.8)

Instead of the equally distributed uncertainties to the two quadratures, Equation 6.6
allows for a variance reduction in one quadrature, if the variance of the other quadrature
is increased accordingly. More generally one can define the quadrature operator rotated by
the angle 𝜑 as

�̂�𝜑 = �̂�1 cos 𝜑 + �̂�2 sin 𝜑 . (6.9)

Then, a state can be called quadrature squeezed, if there is a quadrature for which the
variance is lower than the variance of the vacuum state:

𝛥2�̂�𝜑,𝑠𝑞𝑧 <
1
4 . (6.10)

The quadrature with lowest variance is then called the squeezed quadrature, while the
orthogonal quadrature is called the antisqueezed quadrature. The antisqueezed quadrature
show an increase in variance, so that the uncertainty relation in Equation 6.6 holds for all
orthogonal quadratures.

6.1.2 Generation of squeezed vacuum states
A method of generating quadrature squeezed states of light is the degenerate parametric
down-conversion, a detailed discussion of which can be found in e.g. [Boy08]. This process
is based on the nonlinear interaction of light fields in an optical medium, like a crystal with
a second-order nonlinear susceptibility 𝜒(2). A bright laser field, with twice the wavelength
as the signal field, is used as the pump field for the process.

The interaction between the light fields can be described by the interaction Hamilto-
nian [GK04]

�̂�𝐼 = i~
(︀
𝜂*�̂��̂� − 𝜂�̂�†�̂�†)︀ with 𝜂 = 𝜒(2)𝛽 . (6.11)

Here, the pump field was approximated by its coherent amplitude 𝛽. And the time evolution
of the operators cancel by choosing the pump frequency to be twice the signal frequency.

The corresponding time evolution operator of the Hamiltonian in Equation 6.11 is

�̂�𝐼(𝑡) = exp(−i�̂�𝐼𝑡/~) = exp(𝜂*𝑡�̂��̂� − 𝜂𝑡�̂�†�̂�†) . (6.12)
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Figure 6.1: The schematic probability distributions of states of light in the quadrature basis.
Left: the vacuum state can be represented as a "ball" with equal standard deviations in both
quadratures. Right: a quadrature squeezed vacuum state can be characterized by its squeezing
angle 𝜑 and the standard derivations along the quadratures aligned and orthogonal to the
squeezing angle.

By setting 𝜉 = 2𝜂*𝑡 = 2𝑡𝜒(2)𝛽* this equals to the squeezing operator [GK04]:

𝑆(𝜉) = exp
[︂

1
2(𝜉*�̂��̂� − 𝜉�̂�†�̂�†)

]︂
. (6.13)

Applying the squeezing operator 𝑆(𝜉) on the vacuum state |0⟩, the squeezed vacuum states
are defined as

|0,𝜉⟩ = 𝑆(𝜉)|0⟩ . (6.14)

For a squeezed state with a the complex squeezing parameter 𝜉 = 𝑟ei𝜃 with 0 ≤ 𝑟 < ∞,
the maximal difference in variances of two quadratures is at 𝜑 = 𝜃/2 and the orthogonal
quadrature at ⊥ 𝜑 = 𝜑+90°, see Equation 6.9 for the quadrature at angle 𝜑. The variances
of these two quadratures are [GK04]:

⟨0,𝜉|𝛥2�̂�𝜑|0,𝜉⟩ = 1
4e−2𝑟 , (6.15)

⟨0,𝜉|𝛥2�̂�⊥𝜑|0,𝜉⟩ = 1
4e2𝑟 . (6.16)

A schematic view of these quantities is depicted in Figure 6.1 in comparison to the vacuum
state.

For the realization in an experiment, the strength of the ’squeezing’ is given by the
squeeze parameter 𝑟 = 2𝑡𝜒(2)|𝛽|. The angle of the quadrature with minimal variance is
defined by the phase of the second harmonic field, represented by the coherent amplitude 𝛽.
To achieve a high squeezing factor, a medium with a strong second order optical non-
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linearity described by 𝜒(2), a high intensity of the second harmonic pump field |𝛽|2, and a
long interaction time 𝑡 is needed. These requirements are met in the experiment presented
below using periodically poled potassium titanyl phosphate (PPKTP) crystals with high
second-order nonlinear susceptibility [AMS13]. These PPKTP crystals are parts of double
resonant optical cavities. The resonant power buildup of the second-harmonic pump field
and a particularly focusing of the pump beam into the crystal boosts the factor 𝛽. The
resonance for the fundamental wavelength effectively increases the interaction time 𝑡.

The phase relation between the second-harmonic pump field and the fundamental field
has to stay matched during propagation. Otherwise, the parametric amplification angle
would change with propagation, lowering the overall squeezing strength. Hence, a spatial
phase matching condition has to be fulfilled for an efficient squeezing generation. This
requirement can be formulated as a condition for the wave numbers of the involved fields,
in the case of the parametric down-conversion or second-harmonic generation as [Boy08]:

𝛥𝑘 = 2𝑘𝜈 − 𝑘2𝜈 = 2𝑛𝜈2𝜋𝜈

𝑐
− 𝑛2𝜈2𝜋2𝜈

𝑐
. (6.17)

For an optimal phase matching, the mismatch 𝛥𝑘 should be zero, resulting in the require-
ment for the refractive indices 𝑛 to being equal at both optical frequencies 𝜈 amd 2𝜈.
There are various techniques to reach this condition [Boy08], of which, in the presented
experiments, the method of quasi-phase-matching is applied. For this technique, the sign
of the nonlinear coupling coefficient is inverted periodically in the crystal with a periodicity
length of 𝛬. This results in a possible modification of Equation 6.17 to

𝛥𝑘 ≈ 2𝑘𝜈 − 𝑘2𝜈 − 2𝜋/𝛬 , (6.18)

with the cost of a reduction of the nonlinear coupling coefficient by 2/𝜋 [Boy08]. The fine
tuning of this phase matching condition is then done via heating of the PPKTP crystal,
which result in a differential change of the terms in Equation 6.18, due to the change of
refractive indices and the poling length with temperature.

Finally, the propagation of the Gaussian beams have to be considered. Due to the
different wavelength of the fundamental and second-harmonic beams, the Gouy-phases and
beam radii of these beams evolve differently along the propagation axis. This results in an
optimal focus radius of the Gaussian beams, in dependence on the optical path length in
the nonlinear crystal [BK68].

Based on the quantum mechanic description of quadrature squeezed vacuum states in this
subsection, the detection of these states of light are discussed in the following subsections.

6.1.3 Balanced homodyne detection
The balanced homodyne detection is the most commonly used tool to detect squeezed
vacuum states of light. By interfering the squeezed light with a bright coherent field,
the variance of an arbitrarily oriented quadrature of the squeezed field can be read out.
The coherent amplitude of the bright coherent field, called the local oscillator, defines the
amplification factor and its phase defines the orientation of the measured quadrature.

The balanced detection allows for an essential reduction of technical noise coupling to
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Figure 6.2: Schematic setup of a balanced homodyne detector.

the measurement. The signal field and the local oscillator interfere at a 50 % beam splitter.
Photodiodes detect the light power at both output ports, see Figure 6.2. A common
mode rejection, especially for the technical power noise of the local oscillator field, can
be realized by subtracting the two photocurrents of the photodiodes. The direct current
subtraction can further improve the signal-to-noise ratio, as only the current difference has
to be measured by a transimpedance amplifier [Ste12].

This common mode rejection depends on the balance of the splitting and detection
efficiency for the two detected beams, i.e. the precise 50 % splitting at the beam splitter
and equal responsivities of the individual photodiodes. A model for this is given in [Ste15]
and is here extended to the frequency-depending effect caused by a time delay between the
detection at the two photodiodes. The detection at different times can be caused by beam
path length differences to the photodiodes or an asymmetry in electric connection wires.

The description of the laser beams can be simplified to the transformation of the
annihilation and creation operators, because they linearly depend on the field operators
in Equation 6.1. For an ideal 50 % beam splitter and with a phase shift of 𝜑 of the local
oscillator field, the annihilation operators of the output fields can be written as

𝑐 = 1√
2

(�̂�ei𝜑 + �̂�) , (6.19)

𝑑 = 1√
2

(−�̂�ei𝜑 + �̂�). (6.20)

Here, the real beam splitter convention is used, which ensures energy conservation by
adding 180° of phase to one of the reflected beams. The power measurements of the
output fields with the photodiodes can be represented with the these operators and are
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proportional to

𝑐†𝑐 = 1
2(�̂�†�̂� + �̂�†�̂� + �̂�†�̂�ei𝜑 + �̂�†�̂�e−i𝜑) and (6.21)

𝑑†𝑑 = 1
2(�̂�†�̂� + �̂�†�̂� − �̂�†�̂�ei𝜑 − �̂�†�̂�e−i𝜑) . (6.22)

The laser power is detected as a photocurrent by the photodiodes. For identical responsivi-
ties of the detectors, an exact 50 % beam splitting ratio, and no time delay between the
measurements, the power difference can then be calculated [Ste15]:

𝑐†𝑐 − 𝑑†𝑑 = �̂�†�̂�ei𝜑 + �̂�†�̂�e−i𝜑 . (6.23)

For a further evaluation of Equation 6.23 a linearization of the operators is performed
and the input field operators �̂� and �̂� are substituted to

�̂� = 𝛼 + 𝛿�̂� and �̂� = 𝛽 + 𝛿�̂� , (6.24)

taking 𝛼 and 𝛽 as the coherent amplitude of the fields and 𝛿�̂� and 𝛿�̂� as their quantum
fluctuation. Furthermore, the input field �̂� is defined as the bright coherent filed, serving
as the locals oscillator, with a real amplitude 𝛼. For the other field �̂�, called the signal field,
a coherent amplitude of 𝛽 = 0 is assumed. This is the case, if the signal field is a vacuum
state or a squeezed vacuum state. The quadrature operators are defined and linearized
accordingly

�̂�𝑎
1 = 1

2(�̂� + �̂�†) = 𝛼 + 1
2(𝛿�̂� + 𝛿�̂�†) = 𝛼 + 𝛿�̂�𝑎

1 , (6.25)

�̂�𝑎
2 = i

2(�̂� − �̂�†) = i
2(𝛿�̂� − 𝛿�̂�†) = 𝛿�̂�𝑎

2 , (6.26)

and similar for the field described by �̂�.

By assuming that the quadratic terms of the noise terms 𝛿�̂�𝛿�̂� −→ 0 are small compared
to the terms with coherent amplitudes 𝛼, Equations 6.23 is linearized to

𝑐†𝑐 − 𝑑†𝑑 = 𝛼(𝛿�̂�e−i𝜑 + 𝛿�̂�†ei𝜑) = 2𝛼𝛿�̂�𝑏
−𝜑 . (6.27)

Analog to Equation 6.9,

𝛿�̂�𝑏
𝜑 = 𝛿�̂�𝑏

1 cos 𝜑 + 𝛿�̂�𝑏
2 sin 𝜑 (6.28)

is the quadrature operator of the linearized signal field �̂� under an angle 𝜑. In this ideal
case, the output signal of the BHD is proportional to the amplitude of the signal field
measured along the quadrature �̂�−𝜑. The angle of the quadrature 𝜑 is determined by the
phase relation between the local oscillator field and the signal field.



6.1 Squeezed states of light 89

By adding a small power loss 𝜀 for one output field1 and a time delay between the
measurements, the limits to the common mode rejection of the BHD can be modeled. The
time delay 𝜏 between the two measurements leads together with the measurement Fourier
frequency 𝑓 to a phase shift of 2𝜋𝜏𝑓 . This results in modifications of Equation 6.27, which
can then be further evaluated in Fourier space:

[𝑐†𝑐](𝑡) − (1 − 𝜀)[𝑑†𝑑](𝑡 − 𝜏) Fourier−−−−−−−−−→
transformation

F[𝑐†𝑐] − (1 − 𝜀)e−2𝜋i𝜏𝑓F[𝑑†𝑑] . (6.29)

The notation of the Fourier transformation F[ ] of the operators is omitted in the following
two equations for simplicity. Using the linearized quadrature operators it follows after
Fourier transformation:

𝑐†𝑐 − (1 − 𝜀)e−2𝜋i𝜏𝑓 𝑑†𝑑

=
(︁

1 − e−2𝜋i𝜏𝑓 + 𝜀e−2𝜋i𝜏𝑓
)︁(︁

𝛼2𝛿(𝑓)/2 + 𝛼𝛿�̂�𝑎
1

)︁
+
(︁

1 + e−2𝜋i𝜏𝑓 − 𝜀e−2𝜋i𝜏𝑓
)︁

𝛼𝛿�̂�𝑏
−𝜑 ,

(6.30)

with the Dirac delta function 𝛿(𝑓). For measurements at frequencies 𝑓 ≪ 1/𝜏 and 𝜏𝑓𝜀 −→ 0
this can be approximated to

𝑐†𝑐−(1−𝜀)(1−2𝜋i𝜏𝑓)𝑑†𝑑 ≈ (𝜀 − 2𝜋i𝜏𝑓)
(︁

𝛼2𝛿(𝑓)/2 + 𝛼𝛿�̂�𝑎
1

)︁
+(2 − 𝜀 − 2𝜋i𝜏𝑓) 𝛼𝛿�̂�𝑏

−𝜑

≈ 𝜀𝛼2𝛿(𝑓)/2⏟  ⏞  
1

+ 𝜀𝛼𝛿�̂�𝑎
1⏟  ⏞  

2

− 2𝜋i𝜏𝑓𝛼𝛿�̂�𝑎
1⏟  ⏞  

3

+ (2 − 𝜀 − 2𝜋i𝜏𝑓)𝛼𝛿�̂�𝑏
−𝜑⏟  ⏞  

4

. (6.31)

The single terms of Equation 6.31 can be related to different effects caused by imbalances
in the balanced homodyne detection:

1 This term describe a constant offset of the homodyne detector signal. This offset
directly show the actual power imbalance 𝜀 at the balanced homodyne detection.

2 The power noise of the local oscillator can be seen as the fluctuations times the
coherent amplitude 𝛼𝛿�̂�𝑎

1 . The technical power noise couples proportional to the
power imbalance 𝜀 to the measurement and thereby could limit the sensitivity to the
signal field’s amplitude.

3 A delay between the photodiodes signals causes a coupling for the local-oscillator
power noise, which rises with the measurement frequency 𝑓 . This effect is relevant,
when the power noise of the local oscillator is not reduced at high measurement
frequencies 𝑓 . The coupling strength is proportional to the delay, typically introduced
by a difference in the beam path length of the two homodyne detector arms.2

1 Similar results can be derived with the assumption of a small deviation in the splitting ratio into the
two BHD arms.

2 This effect was observed when operating the laser system without a seed frequency stabilization and
thereby white power noise up to 200 kHz was present Figure 5.4.
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4 This term shows the actual effect to the signal field quadrature measurement. As
long as 𝜀 ≪ 11 and 2𝜋𝜏𝑓 ≪ 1 the measurement distortion due to the delay and
imbalance is very low.
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Figure 6.3: The transfer functions from a power modulation imprinted to the local oscillator
beam to the output signal of the BHD are shown. The signals are normalize for relative power
modulation and relative output signal of the BHD. The imbalance 𝜀 of the BHD beam splitter
defines the flat region, while the arm length difference defines the coupling strength at high
frequencies. Phase deviations above 1 MHz are caused by the different transfer function of the
power modulation monitor photodiode and the output of the BHD electronics. For the arm
length difference of 40 cm, the exact model predicts a phase warping at 750 MHz.

The imbalance in light power detection and propagation time of the signal in both arms
of the BHD define the coupling strength for power fluctuation of the local oscillator field.
This can be modeled by Equation 6.31 and can be measured and simulated as shown in
Figure 6.3.

1 For simplicity a loss was assumed in one of the BHD arms rather than a non perfect beam splitting
ratio that lead to similar results. Typically the loss difference between the two BHD arms are less than
0.1 %, which has a very low impact to the total squeezing loss, described in next subsection.
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6.1.4 Optical loss and phase noise
Two most important limiting factors for the achievable noise reduction with squeezed light
are the optical loss for the squeezed light field and the phase noise. These factors can
be modeled by a superposition of the squeezed state with a vacuum state and the super
position with the orthogonal quadrature of the squeezed state.

Based on Equation 6.15 and Equation 6.16, the variances of the squeezed quadrature
𝛥2�̂�− and the antisqueezed quadrature 𝛥2�̂�+, normalized to the variance of the vacuum
state are defined as

𝛥2�̂�− = ⟨0,𝜉|𝛥2�̂�𝜑|0,𝜉⟩
⟨0|𝛥2�̂�𝜑|0⟩

, (6.32)

𝛥2�̂�+ = ⟨0,𝜉|𝛥2�̂�⊥𝜑|0,𝜉⟩
⟨0|𝛥2�̂�⊥𝜑|0⟩

. (6.33)

To model the influence of optical loss for a squeezed vacuum state, one can image a
loss-less beam splitter mirror placed in the beam path. Its power reflection is similar to
the optical loss, which is by

𝜂 = 1 − optical loss (6.34)

related to the optical efficiency 𝜂 of the squeezed light generation and detection. Hence,
the transmitted field is the super position of the squeezed field and a vacuum field being
reflected at the beam splitter. With this model the normalized variances of a squeezed
state with optical loss are [PCK92; Vah16]

𝛥2�̂�− = 1 − 𝜂𝑡𝑜𝑡
4
√︀

𝑃/𝑃𝑡ℎ𝑟(︁
1 +

√︀
𝑃/𝑃𝑡ℎ𝑟

)︁2
+ (𝑓/𝑓𝑝)2

, (6.35)

𝛥2�̂�+ = 1 + 𝜂𝑡𝑜𝑡
4
√︀

𝑃/𝑃𝑡ℎ𝑟(︁
1 −

√︀
𝑃/𝑃𝑡ℎ𝑟

)︁2
+ (𝑓/𝑓𝑝)2

, (6.36)

where 𝑃 is the actual second-harmonic pump power, 𝑓𝑝 is the pole frequency of the OPA
cavity at the fundamental wavelength, 𝜂𝑡𝑜𝑡 is the total efficiency and 𝑓 is the measurement
frequency. The threshold power 𝑃𝑡ℎ𝑟 describes the power level, at which the round-trip
losses in the OPA are equal to the parametric gain and thereby a bright laser oscillation
starts for higher amplifications factors. In the later experiments and for this equation,
the operation range is chosen to be below the threshold power 𝑃 < 𝑃𝑡ℎ𝑟. The optical
efficiencies 𝜂𝑖 of the single components in the propagation path of the squeezed states of
light lead the total efficiency

𝜂𝑡𝑜𝑡 =
∏︁

𝑖

𝜂𝑖 . (6.37)

Typical loss factors are the OPA’s escape efficiency, absorption and reflection at anti-
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reflective (AR) coatings during propagation, and the quantum efficiency of the pho-
todiodes of the BHD [Vah16]. The escape efficiency for an OPA cavity is given by
𝜂𝑒𝑠𝑐 = 𝑇2/(𝑇2 + cavity round-trip loss), where 𝑇2 is the power transmissivity of the out-
coupling mirror for the squeezed field. These loss factors are further discussed with the
results of the squeezed light measurements in sections 6.3 and 6.4.

The phase noise between the squeezed and local oscillator fields let a fraction of the
other quadrature couple to the measurement. The standard deviation of the phase
noise defines this coupling strength, which can be described as a phase offset 𝜃𝑝𝑛 from
the measured quadrature. This phase offset results in the redefinition of the expected
variances [ATF06; Vah16]:

𝑉− ≈ 𝛥2�̂�− cos2(𝜃𝑝𝑛) + 𝛥2�̂�+ sin2(𝜃𝑝𝑛) , (6.38)
𝑉+ ≈ 𝛥2�̂�+ cos2(𝜃𝑝𝑛) + 𝛥2�̂�− sin2(𝜃𝑝𝑛) . (6.39)

Note that the phase noise amplitude 𝜃𝑝𝑛 has to be calculated as the RMS value over the
time required to take a measurement point.

In conclusion, optical loss, non-perfect efficiencies, and phase noise at the generation,
propagation, and detection limit the achievable noise reduction in the squeezed quadrature.
Thus, special attention was paid to these critical factors in the design and realization of
the experiment described in the next section.

6.2 Experimental setup
A simplified sketch of the experimental setup is shown in Figure 6.4. The main laser is
stabilized in power and frequency. This stabilized laser system was described in detail
Chapter 5. Approximately 310 mW of the laser system’s output power are split off after
the PMC and serve as the main laser input field (Main laser) for the squeezing setup.
Via an electro-optical modulator (EOM), which is driven at a frequency of 115 MHz, a
phase modulation is imprinted on the light field. This enables the length stabilization of
four optical cavities to establish the resonance condition for their input laser fields via the
Pound–Drever–Hall (PDH) sensing scheme [Dre83]. The feedback signals of the individual
control loops are sent to the cavities’ PZTs. For better clarity, the cavity control loops are
not shown in Figure 6.4.

A fraction of the main laser beam is injected into the second harmonic generator
(SHG) where the pump beam for the OPAs downstream is generated. Another part of
the main laser beam is used as a local oscillator (LO) for the BHD, after it passes a
triangular mode cleaner cavity (MC) providing a spatially filtered beam with insignificant
low astigmatism [Ueh97]. For balanced homodyne detection, the local oscillator is spatially
overlapped with the signal field coming from an OPA. This light field can contain the
squeezed states (SQZ). The signal field’s amplitude is read out along the quadrature defined
by the phase of the local oscillator phase, see Subsection 6.1.3.

About 0.5 % of the incident light is reflected from the tilted BHD photodiodes. These PIN
InGaAs photodiodes have an anti-reflection coated sensor of 2 mm diameter, the commonly
used size in GWDs [Las22], and two curved mirrors serve as retro-reflectors to recycle the
reflected light for a higher effective photodiode quantum efficiency. Additionally, quarter
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Figure 6.4: The simplified schematic of the squeezing setup shows in the upper part the
second harmonic generator (SHG) and the mode cleaner cavity (MC) for spatial filtering of
the local oscillator (LO). The two optical parametric amplifier (OPA) cavities for squeezed
light generation and the balanced homodyne detector (BHD) are depicted in the lower part.
Figure from [MWV22].

wave plates are placed in front of the retro-reflectors, thereby rotating the recycled light
into the orthogonal polarization. In this way, the interference of residual backreflections
from the homodyne detector toward the OPA cavities in the polarization of the squeezed
light are suppressed. Thereby, less (phase) noise is added [Sch18b].

The experimental setup contains two different OPAs, which are constructed in a linear
and bowtie configuration, respectively. As shown in Figure 6.4 a movable mirror in the
signal input port of the BHD can be used to select which of the OPA output fields is
sent towards the BHD. Common to both OPAs is that they are designed to be double
resonant for light at a wavelength of 1550 nm and of 775 nm. The 775 nm pump field is
used to stabilize the cavities on resonance, whereas the vacuum squeezed states of light are
produced at 1550 nm. A segmented heating scheme of the nonlinear crystal ensures good
quasi-phase-matching of the corresponding fields for an efficient squeezed light generation
and simultaneous resonance of both fields [Sch18a; MV20].

6.3 Quantum efficiency of the used 1550nm photodiodes
In a first step, to determine the absolute photodiode quantum efficiency and to characterize
all relevant parameters of the setup, the linear OPA is employed. The hemilithic linear
OPA cavity contains a PPKTP crystal with the dimensions 1.0 × 2.0 × 11.5 mm. The
highly reflective (HR), curved crystal face serves as the cavity end mirror, while the plane
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Figure 6.5: Homodyne measurements with the signal input from the linear OPA. Left:
noise spectra of the (anti)squeezing using three different OPA pump powers normalized to the
vacuum noise reference for 20 mW local oscillator power at Fourier frequencies between 1 MHz
and 10 MHz. The measurements were modeled to estimate the optical loss and phase noise for
the squeezed states. The best fits (see black dashed curves) were obtained with an optical loss
of (3.5 ± 0.2) % and a phase noise of (5 ± 1) mrad. All spectra are captured with a resolution
bandwidth (RBW) of 300 kHz, a video bandwidth (VBW) of 100 Hz (left and right). Center:
a zero span measurement at 2 MHz over 200 ms time confirms the detection of (13.5 ± 0.1) dB
squeezing (RBW 100 kHz, VBW 30 Hz). Right: enlargement of the measured quantum noise
reduction of the left-hand graph. The uncertainties of the model fits are illustrated with dotted
black lines. Modified figure from [MWV22].

face has an anti-reflective (AR) coating. A partly transmissive mirror is used for the
pump light in-coupling and the squeezed light out-coupling. The generated squeezed states
are separated from the pump field via a dichroic beam splitter (DBS) and sent toward
the BHD.

For three different OPA pump powers the corresponding quantum noise variances are
measured at the output of the BHD and presented in reference to the vacuum noise in
Figure 6.5. With a pump power of 19 mW, a maximum quantum noise reduction of up to
(13.5 ± 0.1) dB is measured, which is the highest demonstrated vacuum noise reduction at
this wavelength to date. As pointed out at the beginning of this chapter, the highest so far
reported noise reduction at 1550 nm was 13.1 dB [STS18].

Taking the measurements with the lower pump powers into account, a consistent model
which describes the optical loss and phase noise for the corresponding (anti)squeezing is
derived, based on equations 6.35 to 6.39. For all the measurements shown in Figure 6.5,
this model implies a total detection efficiency of (96.5 ± 0.2) % and (5 ± 1) mrad phase
noise.

The overall detection efficiency can be divided into the known individual contribu-
tions, as summerized in Tabular 6.1. First, the homodyne contrast was measured to
(99.50 ± 0.05) %, which corresponds to an optical loss of (1.0 ± 0.1) % [Hei22]. Second,
the transmission loss through three lenses and the AR-coated beam splitter was deter-
mined to (0.05 ± 0.02) % in an independent measurement. Third, the OPA’s escape
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efficiency was calculated to be (99.0 ± 0.4) % based on the measurements of the FSR
(3443.0 ± 0.2) MHz, the cavity FWHM (59.2 ± 0.2) MHz and the transmission of the cou-
pling mirror (10.15 ± 0.02) % at a wavelength of 1550 nm.1 Furthermore, in an independent
measurement the highly reflective (HR) coating of the PPKTP crystal was characterized
by determining the reduction of the reflected power at 1550 nm of the light, which is
coupled into the OPA via the back side of the crystal, when the OPA is on resonance. The
measured reduction of (1.25 ± 0.13) % implies a residual transmission of the HR coating
of (340 ± 40) ppm (parts per million). To explain the escape efficiency, (280 ± 180) ppm
single path loss through the PPKTP crystal remains, which includes the absorption in the
crystal, scattering and reflection of the AR coating of the crystal.

Table 6.1: Loss budget of the linear OPA

1− loss
Contrast of (99.50 ± 0.05) % (99.0 ± 0.1) %
Escape efficiency (99.0 ± 0.4) %
Transmission through 7.5 AR coated surfacesa (99.95 ± 0.02) %
Quantum efficiency of the photodiodes (98.5 ± 0.7) %b

Total efficiency expected from squeezing fits (96.5 ± 0.2) %

a OPA coupling mirror, three lenses and the AR surface of the beam splitter in one the BHD’s arms.
b To fit the total loss.

From all these measurements one can conclude that, in order to be in agreement with
the model parameters as derived from the measurements shown in Figure 6.5, the absolute
quantum efficiency of the homodyne detector photodiodes has to be (98.5 ± 0.7) % including
the enhanced sensitivity of 0.5 % gained with the retro-reflectors.

6.4 Bowtie squeezer
Based on the precise characterization of the detection efficiency and given the above loss
estimation for the PPKTP crystal material, the bowtie OPA is studied in more detail.
This OPA design aimed for minimal astigmatism of the squeezed field mode in order to
obtain a high contrast with any non-astigmatic Gaussian beam as it is used e.g. for the
BHD local oscillator beam or in GWDs. To this end, two concave mirrors (r=−100 mm)
focus the beam into the double-sided 0.5° wedged and AR coated 11.5 mm long PPKTP
crystal. The focus radius inside the crystal is 47 µm, which requires a higher pump power
compared to the linear cavity, where the waist size is 40 µm in radius. The two coupling
mirrors are convex, r=1000 mm, to further reduce astigmatism, which is introduced by the
bowtie geometry and spherical curved mirrors, and to provide an OPA output field with a
low beam divergence. All cavity mirrors are clamped on a rigid aluminum spacer with one
PZT per coupling mirror for cavity length actuation, as shown in Figure 6.4. Inside the
cavity, the laser beam is reflected under an angle of incidence of 5° from the mirrors.

1 The FSR and FWHM were measured with a bright laser beam at 1550 nm wavelength with strong phase
modulation sidebands imprinted for calibration. The power transmission of the coupling mirror was
measured with a power stabilized laser.
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Figure 6.6: Homodyne measurements with the signal input from the bowtie OPA. Left:
noise spectra of the (anti)squeezing using three different OPA pump powers normalized to the
vacuum noise reference for 20 mW local oscillator power at Fourier frequencies between 200 kHz
and 5 MHz. Given the high electronic dark noise clearance a noise subtraction has only minor
impact on the model (black dashed), which was found to fit best with (4.0 ± 0.2) % optical
loss and (4 ± 1) mrad phase noise. All spectra are captured with a RBW 100 kHz and VBW
100 Hz (left and right). Center: zero span measurement at 500 kHz over 200 ms time confirms
the detection of (13.2 ± 0.1) dB squeezing (RBW 50 kHz, VBW 30 Hz). Right: enlargement
of the measured quantum noise reduction of the left-hand graph. The uncertainties of the
model fit are illustrated with the dotted black lines. Modified figure from [MWV22].

The loss budget of the bowtie OPA is summarized in Tabular 6.2: the BHD con-
trast measurement of (99.85 ± 0.05) % experimentally confirms the aimed low level of
astigmatism and results in a squeezing detection loss of only (0.3 ± 0.1) %, which is in-
troduced by the non-perfect mode overlap between the local oscillator (LO) and signal
field. Similar to the linear OPA, the bowtie OPA’s escape efficiency was determined to be
(98.7 ± 0.6) %, calculated from individual measurements of the FSR (464.74 ± 0.04) MHz,
the FWHM (8.14 ± 0.04) MHz, and the 1550 nm coupler transmission of (10.303 ± 0.012) %.

Table 6.2: Loss budget of the bowtie OPA

1− loss
Contrast of (99.85 ± 0.05) % (99.7 ± 0.1) %
Escape efficiency (98.7 ± 0.6) %
Transmission through 3.5 AR coated surfacesa (99.98 ± 0.02) %
Quantum efficiency of the photodiodes (98.5 ± 0.7) %b

Total efficiency expected from squeezing fits (96.0 ± 0.2) %c

a OPA coupling mirror, one lens and the AR surface in one arm of the BHD.
b Value from the linear OPA loss budget.
c This value is within the expected loss (96.9 ± 1.4) %.
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Compared to the linear OPA, the bowtie OPA shows a slightly lower escape efficiency.
This can be explained by the higher transmission of the 775 nm coupling mirror at 1550 nm
wavelength of (3340 ± 120) ppm. With the above estimation of the BHD-photodiode quan-
tum efficiency, the total optical loss budget for the bowtie squeezing path adds up to
(3.1 ± 1.4) %, which is in agreement with the expected optical loss taken from the fits of
the measurements as presented in Figure 6.6 of (4.0 ± 0.2) %.

The highest squeezing level measured with the bowtie OPA is (13.2 ± 0.1) dB at a
harmonic pump power of 137 mW and is thus comparable in squeezing strength to the
results achieved with the linear OPA.

One important difference between the two OPA topologies presented here is the coupling
of backscattered light from the BHD: Backreflections of the local oscillator at the BHD
photodiodes or retro-reflectors can travel in the direction of the OPA cavity. The phase of
the backreflected field is modulated by vibrations of the reflection surface and changes of
the optical pathlength. In the case of the linear OPA, this field can directly interfere with
the squeezed eigenmode in the cavity and, thereby, degrade the noise reduction [Sch18b].
The bowtie configuration is less sensitive to backscattered light because of the two distinct
traveling wave directions inside the cavity. This intrinsic suppression of backscattered light
coupling is comparable in strength to a conventional Faraday Isolator [Chu11], but without
introducing additional optical loss. This is an advantage for the squeezing generation at
audio-band frequencies and below, where a high sensitivity of squeezed vacuum states to
backscattered light has been verified [Chu11; Ste12; Sch18b].

6.5 Squeezed states at low frequencies
In contrast to the relatively short measurement times required at MHz frequencies, where
no active phase control scheme was necessary to capture the presented measurements,
the phase of the (anti)squeezed state has to be stabilized to the readout quadrature of
the BHD to demonstrate the performance below 10 kHz. Following the coherent control
scheme [Vah06], a frequency shifted auxiliary control field was injected into the bowtie
OPA. A beat signal between the auxiliary laser field and the main laser field is used for an
offset phase lock loop (PLL) that stabilize the laser frequency difference to 7.15 MHz (not
shown in Figure 6.4). This optical beat frequency readout 𝑓𝑏𝑒𝑎𝑡 also serves as the electronic
local oscillator input source for the error signal generation required for phase stabilization,
which circumvents a very high bandwidth PLL.1

In this configuration squeezing measurements were performed from 10 kHz down to below
1 Hz and the noise spectra are shown in Figure 6.7. Each trace is computed from a 120 s long
time series, sampled with 22 kS/s. The averaging factor varies between 38 for frequencies
below 1.7 Hz and 377 k for the frequencies between 1.7 kHz and 10 kHz. The measurement
time was limited to about 120 s due to noise transients, occurring approximately every few
100 s. It is suspected, that single dust particles, passing the beam in one arm of the BHD,
might be the origin of these events [Ste12]. Time traces with at least one of these events
led to noise spectra with a noise shoulder below a few 10 Hz and were sorted out.

1 The beat frequency is doubled with an electronic mixer for the pump phase error signal generation.
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Figure 6.7: Quantum noise measurements from 10 kHz down to 0.5 Hz obtained with the
bowtie OPA. The results correspond to a harmonic OPA pump power of 98 mW and are plotted
relative to the vacuum noise reference. The dashed curve illustrates the squeezing level after
the electronic dark noise was subtracted. A quantum noise reduction of up to 11.5 dB could be
measured with only 17.5 dB of antisqueezing. All traces are computed from continuous time
series, with 120 s length and at least 38 averages. Modified figure from [MWV22].

A quantum noise reduction of up to 11.5 dB is detected at audio-band frequencies with
as little as 17.5 dB antisqueezing. Below a few Hz, the residual electronic dark noise
contribution limits the direct squeezing measurement, but the dark noise subtraction
reveals the full potential of the squeezed light source, leading to a squeezing level of 9 dB
at 1 Hz frequency.

At these low measurement frequencies several increased noise couplings were observed in
the squeezing setup. For example the laser power noise shows up at the BHD stage below
2 Hz, probably caused by air flow and microscopic particles passing the beams. To reduce
the power noise coupling, the local oscillator power was optimized and the balancing of
the BHD was carefully adjusted. Above 2 Hz the measurement is mostly limited by the
technical noise of the coherent control field beating with the local oscillator field. This
noise source added frequency independent noise at −18 dB relative to the vacuum noise
and led to about 0.5 dB squeezing degradation.
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6.6 Conclusion and outlook
In conclusion, this is the first demonstration of strongly squeezed vacuum states of light
at a wavelength of 1550 nm at detection frequencies spanning the complete range of
current [Aas15; Ace15; Aku20; Doo16] and third-generation ground-based GWDs [ET
20; Abb17e]. Squeezing at frequencies from 10 kHz down to 0.5 Hz was measured with a
quantum noise reduction of up to 11.5 dB, which highlights the potential of the proposed
quantum noise reduction schemes for future GWDs with silicon test masses, e.g. the low
frequency interferometers of the Einstein Telescope GWD [ET 20].

Without the special technical difficulties for squeezing measurements that arise from
the long measurement time in the audio band, 13 dB quantum noise reduction at MHz
frequencies was demonstrated, for both the linear and the bowtie OPA configuration.
However, the bowtie design might be beneficial for the application in GWDs as it shows
an intrinsic immunity to backscattering [Chu11; Ste12], but requires further optimization
of the cavity mirror coatings to reach an escape efficiency as high as the one achieved with
the linear OPA. In addition, the careful design of the bowtie cavity geometry demonstrated
a very low astigmatism, competitive to linear designs. The gained knowledge on the 2 mm
photodiode quantum efficiency, the optical loss of current PPKTP crystal material and the
investigation of limitations for the audio-band and sub-audio-band squeezing, pave the way
for the design of squeezed light sources and photodetectors for future GWDs operating at
1550 nm wavelength.

An improved beam path for the squeezed light, by further shielding or surrounding
with a vacuum chamber, can help to reduce the jitter events. These events are probably
caused by particles passing the beam path and, thereby, limit the measurement time with
stationary noise to about 120 s in the presented experiment. In addition, the observed
noise limitation due to the coherent control field can be solved by a filter cavity in this
beam path or the use of a frequency shifted part of the stabilized main laser beam for
coherent control. Finally, the power noise coupling below 2 Hz to the measurement can be
reduced by adding power stabilization loop for the local oscillator power, with a sensor
close to the BHD.





CHAPTER 7
Summary and Outlook

In this thesis, classical, stabilized laser sources and non-classical, squeezed light sources
suitable for interferometric ground-based gravitational wave detectors (GWDs) were de-
signed, built, and investigated. The motivation of this thesis was to improve the current
GWD’s laser systems at 1064 nm wavelength and to demonstrate concepts for laser systems
and squeezed light sources for future detectors, especially those with a proposed laser
wavelength of 1550 nm.

Two single-pass, low noise, high power solid-state laser amplifiers with good spatial beam
quality at a wavelength of 1064 nm were examined in Chapter 3. In the corresponding
publication [Thi19], the characterization of these amplifiers was presented for the first time
in literature. The results helped to redesign the laser systems of most current GWDs and to
improve their noise performance, reliability, and available laser power by integrating these
amplifiers [CCK19; Bod20]. The implementation of a high-power pump light actuator fur-
ther enhanced the amplifiers’ capabilities for laser power stabilization. Their low complexity
and high robustness make such amplifiers good candidates for various applications.

Third-generation ground-based GWDs, like the Einstein Telescope [ET 20] or Cosmic
Explorer [Eva21], are proposed to host interferometers with cryogenic cooled silicon mirrors
for thermal noise reduction. The high absorption of silicon at 1064 nm require a change of
the laser wavelength. To this end, comparative tests and characterizations of laser sources
and amplifiers at 1550 nm with the focus on the potential usage in stabilized laser systems
for future GWDs were discussed in Chapter 4 [MW22].

Based on the findings from Chapter 4, an optimal master oscillator power amplifier
configuration for the prototype of a stabilized laser system at 1550 nm regarding the
demands of ground-based GWDs was presented in Chapter 5 [MKW22]. Revealed non-
linear couplings of frequency noise at the mode cleaner cavity limited the power noise
performance of the laser system.1 The introduced novel seed-laser stabilization could
eliminate this limitation. Furthermore, significantly increased stabilization bandwidths
with high noise suppression, compared to previous laser stabilizations in the context of
GWDs, were realized via integrated fiber actuators. Independent out-of-loop measurements
verified the low noise performance of the stabilized laser system. With an independent
reference, a frequency noise reduction down to 400 mHz Hz−1/2 was demonstrated and with
a cross-correlation based out-of-loop detection a shot-noise limited relative power noise
of 5 × 10−9 Hz−1/2 at frequencies down to 200 Hz was confirmed. Finally, further steps to

1 There are no reports on this effect in laser systems operated in current GWDs.
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integrate such a laser system into the stabilizations of a future GWD’s interferometer were
highlighted in Chapter 5.

The developed stabilized laser system was employed in Chapter 6 to drive two squeezed
light sources at 1550 nm wavelength [MWV22]. Quadrature squeezed vacuum states of
light with a 13.5 dB non-classical noise reduction were demonstrated at MHz frequencies.
This is the highest value shown at a laser wavelength compatible with silicon mirrors
so far. This achievement allowed a precise characterization of the photodiode quantum
efficiency at 1550 nm for a sensor size relevant for future GWDs [Gro16]. Detailed analysis
of frequency-dependent noise coupling to the balanced homodyne detector revealed the
advantage of the stabilized laser system for the squeezed light detection in the audio band.
A non-classical noise reduction of 11.5 dB was demonstrated in the audio and sub-audio
bands using enhanced backscatter coupling reduction techniques. These were the first
measurements of squeezed light at 1550 nm wavelength covering the full detection band of
current and proposed ground-based GWDs.

The results at 1550 nm wavelength should help in the interferometer design of future
GWDs to trade off acceptable laser noise coupling strengths with an achievable laser
noise performance. More accurate definitions of requirements for laser systems and other
subsystems of proposed GWD could be derived from this.

Based on the insights gained with the presented prototype, a similar stabilized laser
system is under construction to be the main laser source for one of two 10 m-scale silicon
interferometers within the ETpathfinder in Maastricht [ETp20; Uti22], a test facility for
the Einstein Telescope (ET). For this, the interfacing to a control and data acquisition
system, further developed optical layouts, and better-engineered circuits shall be integrated
to the laser system.

Further investigations have to be performed to improve the sensor noise performance at
frequencies below 100 Hz, as well as the low-frequency noise and transients in the squeezing
measurements. For this purpose, in-vacuum sensors, improved stray light control, and
advanced electronics are in preparation to be integrated and tested.

High-power fiber amplifiers are proposed to deliver increased laser powers demanded
by some updated current and future GWDs operating at 1064 nm [Eva21; Wel20; Wel21;
Hoc22] and 1550 nm [LIG21; Var17] wavelengths. At this point, the demonstrated use of
in-fiber actuators and pump light actuation can give hints for developing fast, low noise,
and reliable laser stabilizations for such high-power laser systems.

Besides the application in GWDs, the presented results can be adopted for the laser
stabilizations with cryogenic silicon cavities for optical clocks or time comparisons via
fiber links [Mat17; Sch22]. The squeezed light sources can be used for sub-shot-noise
sensing [Vah18] or quantum cryptography [Geh15] since the wavelength of 1550 nm is
compatible with low-loss telecommunications fibers.
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A Appendix

For generating the setup drawings in this thesis, the ComponentLibrary was used [Fra].
Finesse and Pykat [Bro20] were used to simulate the cavity beam parameters, and the
LATEX template from reference [Pos] was used for the layout of this thesis.

The measurement data presented in this thesis is archived in a Git and is available on
request at https://gitlab.aei.uni-hannover.de/lasergroup/fathie/

A.1 Note on the terms classical and non-classical light
Throughout this thesis, the quantum mechanical properties of the light field are considered
to explain, e.g., the shot noise, quantum radiation pressure noise, or squeezed states of
light. Nevertheless, the light generated by a laser or a MOPA laser system is named
‘classical’, while the quadrature squeezed vacuum states of light are named ‘non-classical’.
This naming is motivated by the different behavior of these quantum states.

The coherent states |𝛼⟩ (see Equation 6.7), which describe a quantum noise limited laser
field, are categorized as classical, because most of their transformations by optics, like by
a beam splitter, are equivalent to the results for a non-quantum mechanical description.
In the case of a coherent input field (and the vacuum state on the other input), the
output fields behind a beam splitter are just two independent coherent states with reduced
coherent amplitudes.

Apart from this example, a spitted squeezed field results in two entangled fields, which
means that there is no quantum mechanic description of one output field without taking
the other field into account. Measurements of one output field can show correlations of the
quantum noise with measurements of the other output field [GK04].

For a more general and mathematical definition, the quasi-probability distribution 𝑃 (𝛼)
in phase-space, called Glauber–Sudarshan function, is introduced to describe the density
operator of a quantum state

𝜌 =
ˆ

𝑃 (𝛼) |𝛼⟩⟨𝛼| 𝑑2𝛼 (A.1)

in the base of the coherent states |𝛼⟩ [GK04].
Gerry and Knight [GK04] specify based on this definition: “States for which 𝑃 (𝛼) is

positive everywhere or no more singular than a delta function, are classical whereas those
for which 𝑃 (𝛼) is negative or more singular than a delta function are nonclassical.”

For classical states, 𝑃 (𝛼) can be interpreted as a probability density. For example, a
coherent state with amplitude 𝛽 is described by 𝑃 (𝛼) = 𝛿2(𝛼 − 𝛽) [GK04]. 𝑃 (𝛼) for a
quadrature squeezed state shows regions of negative values and, thus, can not be interpreted
as a probability density [Spe16; GK04].
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A.2 Merging data from different signal whitening stages
The laser noise spectral densities presented in chapters 3, 4, and 5 were measured over
different frequency bins and stitched together for a high data point density in the logarithmic
plots. In addition, different signal whitening circuits were used to reach, depending on the
measurement parameters and the frequency bin, the best clearance from dark noise. In the
post-processing, the data is normalized with transfer functions of the whitening circuits.

Nevertheless, small deviations of the characterized and actual transfer functions of the
whitening circuits and different dark noise clearance margins result in small steps at the
transitions, which can be seen figures of Chapter 4.

In Chapter 5, an additional post-processing step has been applied to the data: The data
traces 𝑑𝑖(𝑓) of the spectral densities are multiplied by real weighting functions 0 < 𝑤𝑖(𝑓) < 1
to guarantee a smooth transition. They were chosen so that∑︁

𝑖

𝑤𝑖(𝑓) = 1 , (A.2)

for all measurement frequencies 𝑓 . The final data trace 𝑑(𝑓) is calculated as

𝑑(𝑓) =
∑︁

𝑖

𝑑𝑖(𝑓)𝑤𝑖(𝑓) . (A.3)

For the presented measurements in Chapter 5, the higher weighting function 𝑤1(𝑓) was
chosen as the product of two first-order high-pass filter:

𝑤1(𝑓) = 𝑓2

𝑓2
𝑐 + 𝑓2 , (A.4)

𝑓𝑐 is the corner frequency for the transition between the two weighting functions. The
lower weighting function is then constructed by 𝑤2(𝑓) = 1 − 𝑤1(𝑓).

The corner frequency 𝑓𝑐 is adjusted for the transient at the point where the dark noise
clearance and calibration certainty is similar for both whitening electronics.

For the measured laser power noise, the corner frequencies are 3 kHz to hand off from the
measurement with the aLIGO like data acquisition system to a Moku:Lab and at 10 MHz
to change between the AC stage in the photodiode electronics to the RF stage. In the
case of the laser frequency noise, the corner frequency is at 3 kHz to hand off from the
measurement with the aLIGO like data acquisition system to the Moku:Lab.

The data traces are linearly interpolated between neighbor data points for data points
on a joint frequency base. The scrips are available on request at
https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/Laser1550/
DBBcharacterization/plots/Interpolated.

https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/Laser1550/DBBcharacterization/plots/Interpolated
https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/Laser1550/DBBcharacterization/plots/Interpolated
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A.3 Nonlinear noise coupling simulation
With the program Simulink, a part of Matlab2016b, a noise source and a nonlinear noise
coupling mechanism were simulated using its DSP library. Here random time data is
generated and processed, as depicted in Figure A.1.

The simulation file is available on request at
https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/Simulations/
SimulinkNonlinearNoise/NonlinearNoiseCoupling3.slx.

Generate	a	noise	peak	at	1MHz	with	100kHz	bandwidthGenerate	a	noise	peak	at	1MHz	with	100kHz	bandwidth

Nonlinear	x²	couplingNonlinear	x²	coupling
Shift	the	noise	to	1MHz	
by	mixing	it	with	1MHz	sine

DSP

Sine	Wave:	1MHz

Noise
Source

Mixer

Lowpass

First	order	lowpass	at	50kHz

Square

White	noise
Low	pass	filtered	noise

Spectrum	Analyzer

Time
Scope

-K-

Coupling	factor

Lowpass

Cavity	filter	function

Input	noise

Noise	behind	nonlinearity
and	cavity

Figure A.1: To generate a noise peak around 1 MHz, low-pass filtered white noise is mixed
with a sinusoidal signal at 1 MHz. The pole frequency of the low-pass filter corresponds to half
of the noise bandwidth of the peak. The generated noise is measured and sent to a multiplier
used to square the signal. The spectral density of the squared time signal is measured again.

https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/Simulations/SimulinkNonlinearNoise/NonlinearNoiseCoupling3.slx
https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/Simulations/SimulinkNonlinearNoise/NonlinearNoiseCoupling3.slx
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A.4 Circuit schematics
Many electronic circuits were developed or updated within the presented thesis. They
are mostly archived at https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/
blob/master/elektronik.

Figure A.2: Current modulator schematics. Full documentation available on re-
quest under https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/
elektronik/StromMod/doc/latex/StromMod4_1-documentation.pdf

https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/elektronik
https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/elektronik
https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/elektronik/StromMod/doc/latex/StromMod4_1-documentation.pdf
https://gitlab.aei.uni-hannover.de/lasergroup/fathie/-/blob/master/elektronik/StromMod/doc/latex/StromMod4_1-documentation.pdf
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