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Kurzfassung

Seit der ersten Messung von Gravitationswellen im Jahr 2015 haben sich die Technologien
der Gravitationswellen-Observatorien (GWO) erheblich verbessert, was höhere Sensitivität und
die Analyse weiter entfernter Quellen ermöglicht. Eine wesentliche Limitierung bleibt jedoch
das thermische Beschichtungsrauschen der Testmassen, das im Frequenzbereich um 100 Hz
dominiert. Das Kühlen der Testmassen bis auf kryogene Temperaturen würde dieses Limit sig-
nifikant reduzieren; dennoch sind aktuelle Beschichtungen, die für Zimmertemperatur und die
Betriebswellenlänge von 1064 nm optimiert sind, nicht für diese Bedingungen geeignet. Daher
werden neuartige Materialien wie amorphes Silizium in Kombination mit Betriebswellenlängen
von 1550 nm oder im Bereich von 2 µm erforscht. Der Betrieb im 2-µm-Bereich erfordert jedoch
ausgereifte Laser- und Quantentechnologien, die derzeit noch nicht verfügbar sind. Aus diesem
Grund konzentrieren sich aktuelle Entwürfe für kryogene GWOs überwiegend auf 1550 nm als
primäre Wellenlänge.

Ziel dieser Arbeit ist es, die Reife der 2-µm-Technologie für zukünftige kryogene GWOs voran-
zutreiben, indem drei zentrale Technologieplattformen untersucht werden, wobei der Schwer-
punkt insbesondere auf einer Betriebswellenlänge von 2128 nm liegt. Erstens die Entwicklung
eines Hochleistungslasers mit 20 W konvertierter Leistung bei einer Konversionseffizienz von
68 %. Zudem wurde das technische Rauschen dieses Lasers untersucht und gezeigt, dass der
gewählte nichtlineare Prozess eine Unterdrückung des Relativintensitätsrauschens von bis zu
50 % im Vergleich zum 1064 nm-Licht ermöglichte. Zweitens wurde die Entwicklung einer
Quantenrauschunterdrückung bei niedrigen Messfrequenzen unter Verwendung gequetschten
Lichts demonstriert. Es wurde eine Rauschunterdrückung von bis zu 3,3 dB bei einer Messfre-
quenz von 15 kHz erreicht. Für diesen Prozess wurde auch ein optischer Isolator zur Vermeidung
störender Rückreflexionen entwickelt sowie Photodioden charakterisiert und optimiert. Drittens
wurde die Kopplung zwischen fundamentalen und höheren Moden des von einem Resonator
mit unzureichender Modenanpassung reflektierten gequetschten Lichts untersucht. Zwei Kop-
pelregime der Moden wurden dabei gefunden: Erstens der vollständige Verlust der Quantenei-
genschaften mit einem Übergang in einen thermisch ähnlichen Zustand. Zweitens ließ sich der
durch unzureichende Modenanpassung entstehende zusätzliche Verlust durch eine optimierte
Phase zwischen der fundamentalen und höheren Moden deutlich verringern.

Diese Arbeit demonstriert zum ersten Mal einen rauscharmen Hochleistungslaser, die Unter-
drückung des Schrotrauschens bei niedrigen Messfrequenzen sowie die Kopplung zwischen
fundamentalen und höheren Moden gequetschten Lichts in Resonatoren mit unzureichender
Modenanpassung. Zusammengefasst stellen diese Ergebnisse wichtige Schritte auf dem Weg
zur Etablierung von Technologien im 2-µm-Bereich und damit zur Verbesserung der Empfind-
lichkeit künftiger gekühlter Gravitationswellenobservatorien dar.
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Abstract

Since the first detection of gravitational waves in 2015, the technology of gravitational-wave
observatories (GWOs) has advanced significantly, enabling higher sensitivity and the obser-
vation of increasingly distant astrophysical sources. A major limitation remains the coating
thermal noise of the test masses, which dominates the detector sensitivity around 100 Hz.
Cooling the test masses to cryogenic temperatures can reduce this contribution; however,
current optical coatings, optimized for room-temperature operation at 1064 nm, are not com-
patible with cryogenic conditions. This motivates the search for novel coating materials, such
as amorphous silicon, as well as a shift toward longer operating wavelengths around 1550 nm or
2 µm. Operation in the 2 µm regime offers particularly promising performance but requires laser
and quantum technologies that are less mature. For this reason, current designs for cryogenic
GWOs predominantly focus on 1550 nm as a primary wavelength.

The aim of this thesis is to advance the maturity of 2 µm technology for future cryogenic
GWOs by investigating three key technology platforms, with a particular focus on an oper-
ating wavelength of 2128 nm. First, a high‑power laser with 20 W of converted power and a
conversion efficiency of 68 % was developed. Its technical noise was characterized, revealing
that the utilized nonlinear process reduced relative intensity noise by up to 50 % compared
to 1064 nm light. Second, low‑frequency quantum‑noise suppression using squeezed light was
demonstrated, achieving up to 3.3 dB of quantum noise reduction at a measurement fre-
quency of 15 kHz. For this purpose, an optical isolator was developed to suppress detrimental
back‑reflections, and photodiodes for 2128 nm were characterized and optimized. Third, the
coupling between higher‑order and fundamental spatial modes of squeezed light reflected from
a resonator under imperfect mode-matching conditions was investigated. Two coupling regimes
were identified: one in which the quantum properties were completely lost and transformed
into a thermal‑like state, and another in which the additional loss from imperfect mode overlap
could be significantly reduced by optimizing the relative phase between the fundamental and
higher‑order modes.

This work demonstrates for the first time a low-noise high-power laser system, low-frequency
shot-noise suppression using squeezed light, and the controlled coupling of squeezed-light
modes in resonators under imperfect mode-matching conditions. Together, these results rep-
resent important steps toward the realization of mature 2 µm technologies and enhanced sens-
itivity in future gravitational-wave observatories.
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Introduction

Nearly a century passed between Albert Einstein’s prediction of gravitational waves and their
first direct detection from a binary black‑hole merger, by the LIGO observatories, a milestone
that was recognized with the Nobel Prize in Physics [1]. This significantly advanced our under-
standing of compact astrophysical objects, including black holes and neutron stars, and marked
the beginning of gravitational‑wave astronomy. Such progress illustrates the remarkable tech-
nological development from early optical equipment to today’s highly advanced systems and
highlights the pace at which further advances may be expected in the coming decades.

Detecting a gravitational-wave signal was the first major milestone in gravitational-wave astro-
nomy. The next essential step was the operation of a global network of at least three detectors,
which enabled the triangulation of source positions and allowed electromagnetic observator-
ies to be directed toward the corresponding region in the sky to search for EM counterparts.
Today, this network consists of LIGO Hanford and Livingston in the United States, Virgo in
Italy, KAGRA in Japan, and GEO600 in Germany. A simplified schematic of a future GWO is
illustrated in Figure 1. Its basic layout is a Michelson interferometer pumped by a high-power
laser, with each arm containing a Fabry–Pérot optical cavity to enhance the circulating power.
To suppress quantum noise, which limits the detector sensitivity over a broad frequency band,
frequency-dependent squeezed light is employed. The squeezed field is generated by a squeezer
and injected into the interferometer’s dark port. Its frequency dependence is shaped using a
filter cavity to suppress quantum noise across the full sensitivity band. Additional cavities
formed by the power recycling mirror (PRM) and the signal recycling mirror (SRM) increase
the circulating power and enhance the detection bandwidth, respectively. At the interfero-
meter’s dark port, the high-power field is suppressed by destructive interference, leaving only
the gravitational-wave-induced signal sidebands together with the injected squeezed field. The
combined field is then directed to the detection system, which consists of a homodyne detector.

Despite the technological progress in gravitational-wave detection over the past decades, many
key questions remain. Future GWOs will require significantly improved sensitivities in order to
detect weaker sources, probe larger volumes of the universe, and ultimately provide a more
complete picture of cosmic structure and evolution. In this thesis, I focus on the current limita-
tions of the LIGO detectors, the most sensitive instruments in the network, and on technologies
relevant for future third‑generation observatories such as the Einstein Telescope, which is a
European collaboration project, and Cosmic Explorer, which is planned to be built in the USA.
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Introduction

Figure 1: Schematic representation of a gravitational-wave detector employing squeezing
technology. A high-power laser injects light into a Michelson interferometer with two arm
cavities, while additional cavities are formed by the PRM (power recycling mirror) to further
amplify the power and the SRM (signal recycling mirror) to enhance detection bandwidth.
Frequency-dependent squeezed light is injected into the interferometer’s output port, and
the signal is read out at the dark port using a homodyne detector and a data acquisition
system (DAQ). The figure also highlights the structure of the thesis. At the beginning of each
chapter, the figure is reused to highlight the specific subsystem or physical concept discussed
in that chapter. In this way, the GWO serves as a structural guide throughout the thesis,
linking the detailed topics of each chapter to their functional role within a full interferometric
gravitational‑wave detector.

Current GWOs are affected by various noise sources, including instrumental contributions such
as control noise and scattered light, quantum noise such as radiation pressure noise and shot
noise, and thermal noise [2]. Thermal noise is a collective term for several contributions includ-
ing suspension thermal noise, thermoelastic and thermorefractive noise, and, most relevant for
this work, coating Brownian noise, which arises from thermally driven mechanical fluctuations
in the mirror coatings. Radiation‑pressure noise is the displacement noise of the test masses
induced by quantum fluctuations of the photon momentum flux of the high‑power beam in
the interferometer. Shot noise is caused by quantum fluctuations in the number of detected
photons. A total noise budget for the advanced LIGO (aLIGO) configuration was simulated
using the Python package pygwinc [3], as shown on the left-hand side of Figure 2. The mo-
tivation for this work is the sensitivity limitation imposed by thermal noise. Mitigating this
limitation requires a new operating wavelength, which is illustrated as a block diagram on the
right-hand side of the figure and is discussed in detail in the following paragraph.
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Figure 2: The left-hand side shows the noise budget of the aLIGO detector (red), with thermal
noise as the dominant noise source motivating this work. The right-hand side shows a block
diagram illustrating the motivation for a new operating wavelength. Following this approach
leads to the proposed upgrade LIGO Voyager, shown as the blue curve in the noise budget.

Thermal noise is determined by the mechanical loss of the mirror substrates and coatings and
by their temperature. Coating Brownian noise can be reduced by cooling the test masses to
cryogenic temperatures and by increasing the beam diameter on the test masses, which allows
to average out the coupling of thermal vibrations to the light field. Current room‑temperature
coating technologies are already operating close to their practical limits in terms of mechanical
loss, which prevents further significant reductions of coating Brownian noise. To lower thermal
noise beyond this point, cryogenic operation becomes necessary. This, in turn, requires coating
materials with low mechanical loss at cryogenic temperatures, such as amorphous silicon and
silicon nitride [4]. The best performance of these coating materials is achieved at longer oper-
ating wavelengths, making the adoption of such wavelengths essential to avoid excess optical
loss. These changes propagate through the entire system and require a comprehensive update.

Shot noise can be reduced by injecting squeezed light. However, radiation-pressure noise and
shot noise exhibit opposing scalings with respect to key system parameters: increasing the circu-
lating power reduces shot noise but enhances radiation‑pressure noise, because on the one hand,
more photons are detected, which makes the random photon‑count fluctuations smaller relative
to the signal (lower shot noise); on the other hand, more photons deliver radiation pressure to
the test masses, causing larger quantum fluctuations in their motion (higher radiation‑pressure
noise). Likewise, operating at longer wavelengths reduces radiation‑pressure noise but increases
shot noise, because at a given circulating power the photon number increases, strengthening
the relative impact of photon‑counting statistics while the radiation‑pressure coupling to the
test masses becomes weaker. Due to this trade-off, frequency-dependent squeezing provides a
more advanced approach, enabling radiation-pressure noise suppression at low frequencies and
shot-noise reduction at high frequencies. Radiation-pressure noise can be further mitigated by
increasing the test-mass mass, thereby reducing its susceptibility to radiation-pressure fluctu-
ations. The adaptation of all system components to a new operating wavelength, including
system-wide optimization, results in the proposed Voyager design [5], which is shown as the
blue curve in the noise budget in Figure 2.
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The gravitational-wave community has converged on operating wavelengths near either 1.5 µm
or 2 µm, where optical coating designs exist that perform well both optically and at cryogenic
temperatures [6, 7]. In particular, a wavelength of 1550 nm has been chosen for planned de-
tectors as a compromise between reduced thermal noise and the maturity of available photonic
technologies. Although operating at 2 µm offers further potential for low thermal noise when
appropriate cryogenic coating designs are used, the required technology platforms are not yet
fully developed. In particular, this concerns auxiliary components [5, 8, 9], beam quality at
high power operation [5], and squeezed-light generation [8, 10, 11, 5].

Current high-power laser and amplifier systems at 2 µm suffer from limited beam quality and
suboptimal intensity- and phase-noise performance, typically delivering optical powers of up
to 100 W with an M2 between 3 and 15 (see Chapter 2.5). In contrast, third-generation
gravitational-wave observatories such as the Einstein Telescope (ET) require laser systems
with optical powers on the order of several hundred watts and a diffraction-limited, single-
mode TEM00 beam profile, together with extremely low intensity and phase noise [12], in
order to achieve the required circulating arm powers and sensitivity. However, no existing 2 µm
laser meets these combined requirements.

In this thesis, I present an approach based on using the well-established 1064 nm non‑planar
ring‑oscillator (NPRO) laser as a seed source and amplifying it with a neoVAN‑4S‑HP laser
amplifier, providing power levels of up to 75 W, as used in the O3 run of LIGO [13]. Through the
nonlinear process of degenerate optical‑parametric oscillation, the pump light was converted to
2128 nm with a high‑quality spatial mode and the potential for high conversion efficiency. The
first objective of this work was to construct and characterize a 2128 nm laser source and to
demonstrate more than 20 W of output power, thereby exceeding the input power requirements
of the low-frequency interferometer of the ET while representing a significant step toward the
higher power levels required for the high-frequency interferometer, and establishing a basis
for future implementation within existing LIGO infrastructure. This approach addresses limita-
tions in beam quality, provides sufficient converted power, and offers favorable intensity‑noise
characteristics.

Squeezed‑light generation at 2 µm is similarly constrained. At audio frequencies, squeezing
levels are limited primarily by the dark‑noise characteristics of available photodiodes. To
date, squeezing levels of up to 3.9 dB at 2 kHz and 7.2 dB at 2 MHz have been demon-
strated [10, 11]. This limitation motivates the work presented in this thesis, in which an
audio‑band squeezed‑light source at 2128 nm was developed and investigated how photodiode
dark noise affects low‑frequency measurements.

The second aim of this thesis is therefore to investigate commercially available photodiodes
with respect to several performance criteria and to explore methods for optimizing their op-
eration for low‑frequency squeezing measurements. In addition, an audio‑band squeezed‑light
source at 2128 nm was constructed and characterized. Furthermore, commercially available
injection components such as Faraday isolators were examined and improved with respect to
their transmission and suppression ratio to meet the requirements for strong squeezed‑light
injection.

Optical losses constitute the main limitation to the achievable quantum enhancement at any
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wavelength. In addition to losses arising from the generation and injection of squeezed light,
it has been theorized that coupling between the fundamental and higher-order spatial modes
of squeezed light can represent a significant and previously underappreciated source of excess
optical loss in gravitational-wave observatories [14]. This effect arises when higher‑order spatial
modes generated by imperfect mode matching are reflected from an optical cavity and sub-
sequently couple into the fundamental mode. The third objective of this thesis is to investigate
this phenomenon using a well controlled tabletop quantum-optics setup. In this context, it was
demonstrated that the underlying mechanism can completely suppress the quantum enhance-
ment of the squeezed state by effectively transforming it into a thermal-like state. Possible
mitigation strategies were subsequently analyzed.

Together, these results provide a foundation for developing 2128 nm technology and offer guid-
ance for critical improvements and risk mitigation in the design of next‑generation cryogenic
gravitational‑wave detectors.

The structure of this thesis is illustrated using a simplified diagram of a gravitational‑wave
observatory, as shown in Figure 1. It begins with a brief theoretical overview in Chapter 1, fol-
lowed by the first set of experimental results in Chapter 2, which focus on the development of a
high‑power laser at 2128 nm and the improvement of its relative-intensity noise characteristics.
Next, Chapter 3 discusses the development of an audio‑band squeezer operating at 2128 nm,
together with supporting optical components such as Faraday isolators and photodiodes. Fi-
nally, Chapter 4 investigates a critical loss mechanism that is common to all quantum networks
and gravitational‑wave observatories in particular, namely, the coupling of higher‑order spatial
modes into the fundamental mode due to imperfect mode matching to optical resonators.

5





Chapter 1

Quantum Optical Systems and Their
Auxiliary Components

Figure 1.1: Schematic illustration of a GWO.

A simplified representation of a
gravitational-wave observatory is
shown in Figure 1.1. At the
heart of the system lies a Michel-
son interferometer, which is il-
luminated by two light sources.
The first is a high-power laser
serving as the carrier field; the
second is a non-classical quantum
state generator, referred to as the
squeezer, which injects a state
that reduces quantum noise. Aux-
iliary components, such as op-
tical cavities and Faraday isolat-
ors, are essential for operating both
the interferometer and its light
sources.

Since this thesis investigates vari-
ous aspects of a gravitational-wave
observatory (GWO) operating at
2128 nm, this chapter summarizes the fundamental concepts and techniques required for this
work. It begins with an overview of essential optical components, such as Faraday isolators
and cavities, followed by a discussion of nonlinear optical processes used to generate and ma-
nipulate light. Finally, it introduces the description of non-classical light, focusing on squeezed
states and their properties.

7



Chapter 1: Theoretical Foundations

1.1 Auxiliary Components and Their Role in Quantum
Setups

1.1.1 Cavity Design and Functionality
Optical cavities are fundamental tools in quantum optical experiments and serve a variety of
purposes. There are many possible designs and applications; here, we focus on two configura-
tions that are particularly relevant for this work: a standing-wave cavity in a linear configuration,
also referred to as a linear cavity, and a travelling-wave cavity in a triangular configuration,
also referred to as a triangular cavity. The naming of these cavities originates from whether
the light field forms a standing wave or propagates in a travelling-wave manner. Both cavity
types are illustrated in Figure 1.2.

(a) Standing-wave cavity (b) Travelling-wave cavity

M1 M2

M1
M2

L

M3

L12

L23

L31

Atrans

Acirc
Aref

Aref

Ain

Atrans

Ain

Acirc

Figure 1.2: Schematic representation of (a) a standing-wave cavity in a linear configuration
and (b) a travelling-wave cavity in a triangular configuration.

Fabry–Pérot Cavity

A Fabry–Pérot optical cavity, alias linear cavity, consists of two mirrors, M1 and M2, separated
by a distance L. Each mirror is characterized by an optical field reflectivity ri and transmissivity
ti, corresponding to intensity reflectivities Ri = |ri|2 and transmissions Ti = |ti|2, respect-
ively.The presentation closely follows the notation and formalism introduced by Nur Ismail et
al. [15].

Optical resonators inherently experience propagation losses, here assumed to arise primarily
from finite mirror reflectivity. Other loss contributions, such as absorption, scattering in the
mirror coatings, or losses introduced by additional intracavity elements, are neglected, as they
mainly modify effective loss rates (e.g., the cavity linewidth) without changing the generic
functional Airy response discussed here. Under these assumptions, the round-trip loss parameter
associated with each mirror is defined as

δout,i = 2L
c τout,i

. (1.1)

The quantity τout,i represents the photon decay time associated with outcoupling at the corres-
ponding mirror. Accordingly, the total round-trip loss can be expressed as δtotal = − ln(R1R2).

8



Section 1.1: Faraday Isolator & Optical Cavity

In the limit of high reflectivities (Ri ≈ 1), this definition is consistent with the linear loss
approximation 1 − R1R2 used in the Airy formalism.

Resonant enhancement of the optical field inside the cavity is described by the circulating Airy
function Acirc(ϕ). Normalized to the incident intensity, it is given by

Acirc(ϕ) = |Ecirc|2

|Einc|2
= 1 − R1

(1 −
√

R1R2)2 + 4
√

R1R2 sin2(ϕ)
, (1.2)

where ϕ = 2ωL/c is the round-trip phase of the cavity. Ecirc and Einc denote the circulating
and incident electric field amplitudes, respectively. The expression can be extended to describe
the transmitted Airy function Atrans(ϕ) as

Atrans(ϕ) = (1 − R2) Acirc(ϕ). (1.3)

The reflected Airy function Arefl(ϕ) is defined via the reflected electric field Erefl and is given
by

Arefl(ϕ) = |Erefl|2

|Einc|2
=
(√

R1 −
√

R2
)2 + 4

√
R1R2 sin2(ϕ)(

1 −
√

R1R2
)2 + 4

√
R1R2 sin2(ϕ)

. (1.4)

This expression follows from the coherent interference of the directly reflected and cavity-leaked
fields. Together, these three Airy functions characterize the cavity response resulting from the
resonant enhancement of light injected into the resonator.

(a) (b) (c)

Figure 1.3: Transmitted and reflected Airy functions as a function of the cavity phase shift for
three different coupling regimes: (a) under-coupled cavity (R1 < R2), (b) impedance-matched
cavity (R1 = R2), and (c) over-coupled cavity (R1 > R2). Panel (b) also indicates the free
spectral range (FSR) and the full width at half maximum (FWHM), which quantify the spectral
properties and quality of the cavity.

Figure 1.3 illustrates the transmitted and reflected responses as a function of the cavity phase
shift, which can be experimentally varied by tuning the cavity length. The circulating Airy
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Chapter 1: Theoretical Foundations

function is not shown, as its strong amplification would reduce the clarity of the illustration.
Three coupling regimes are distinguished: (a) an under-coupled cavity (R1 < R2), (b) an
impedance-matched cavity (R1 = R2), and (c) an over-coupled cavity (R1 > R2). These cases
correspond to the reflectivity pairs R1 = [0.5, 0.5, 0.9] and R2 = [0.9, 0.5, 0.5], respectively.
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r1 = 0.9, r2 = 0.55

Figure 1.4: Theoretical simulation of the cavity phase
response of the transmitted light field as a function of
the cavity phase shift.

Optical cavities are typically optim-
ized for a specific transverse mode.
In the simplest case, this is the
fundamental transverse electromag-
netic mode, denoted TEM00. Using
the TEMmn notation, the indices
m and n describe the horizontal
and vertical transverse mode or-
der, respectively. In subsequent ex-
periments, higher-order transverse
modes, non-resonant with the cav-
ity, are mostly reflected. This be-
havior arises because higher-order
modes (HOM) experience an addi-
tional Gouy phase shift. As a result,
their resonance condition is modi-
fied according to

ϕmn = (1 + m + n)ϕcavity, (1.5)

where ϕcavity denotes the cavity phase shift for the fundamental TEM00 mode. Consequently,
higher-order modes resonate at different cavity lengths and no longer fulfill the resonance
condition simultaneously with the fundamental mode (FM). The cavity-induced phase response
of the transmitted field is given by

Φ(ϕ) = arg
(

t1t2e−iϕ/2

1 − r1r2e−iϕ/2

)
, (1.6)

and is shown in Figure 1.4 for three different reflectivity configurations.

The spectral quality of the cavity is quantified by the finesse F , defined as

F = FSR
FWHM ≊

π
√

R1R2

1 − R1R2
, (1.7)

where the free spectral range is given by FSR = c/(2n(λ)L), with n(λ) denoting the refractive
index of the medium inside the cavity at wavelength λ (for an air-filled cavity, n(λ) ≈ 1).
The FWHM denotes the cavity linewidth (full width at half maximum), as illustrated in Fig-
ure 1.3(b).

Another important parameter is the intracavity power build-up B, obtained from Equation 1.2
evaluated at ϕ = 0. It is given by

B = Acirc(ϕ = 0) = 1 − R1(
1 −

√
R1R2

)2 . (1.8)
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Section 1.1: Faraday Isolator & Optical Cavity

The dependence of the intracavity power build-up on the mirror reflectivities is illustrated in
Figure 1.5.
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Figure 1.5: Intracavity power build-up (Airy peak at ϕ = 0) as a function of input mirror
reflectivity R1 for different end-mirror reflectivities R2: (a) R2 = 0.9, (b) R2 = 0.75, and (c)
R2 = 0.3.

The intracavity power build-up exhibits a maximum at R1 = R2, corresponding to the impedance-
matched condition. For R1 ̸= R2, the cavity is not impedance matched, resulting in a reduced
steady-state intracavity field due to the mismatch between input coupling and effective round-
trip losses.

In the context of this work, linear cavities serve multiple purposes. First, they enhance nonlinear
optical processes when a nonlinear medium is placed inside the cavity. Second, they act as
frequency-selective elements for laser stabilization and finally, they function as spatial mode
filters.

Triangular Cavity

A triangular cavity consists of three mirrors, each characterized by a field amplitude reflectivity
ri and transmissivity ti . Mathematically, it behaves similarly to a linear cavity, with the main
difference being that three mirrors are involved instead of two. The generalized expressions for
the finesse F and the FSR are then given by

F ≈
π
√r1r2r3

1 − r1r2r3
, (1.9)

FSR = c
L12 + L23 + L31

, (1.10)

where Li j denotes the distance between mirrors i and j .

In this work, the primary application of the triangular cavity is the superposition of two beams
via mode matching. Transverse cavity modes can be described in terms of Hermite–Gaussian
(HG) or Laguerre–Gaussian (LG) modes, depending on the chosen coordinate system. Mode
mismatch or misalignment couples optical power into higher-order modes (HOM), which are
typically undesired in precision measurements. Consequently, mode matching aims to maximize
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Chapter 1: Theoretical Foundations

the overlap with the fundamental mode, typically the TEM00 mode, while minimizing power
in HOMs.

One advantage of a non-confocal cavity (for example, a triangular cavity) is that the accumu-
lated Gouy phase lifts the degeneracy of transverse modes, improving spatial mode discrimin-
ation. In particular, this allows a clearer distinction between horizontal and vertical mismatch.
The confocal linear case is special, where transverse modes can become degenerate. A second
advantage is that the cavity can also act as a spatial filter, separating the fundamental mode
from higher-order transverse modes.

1.1.2 The Role of the Faraday Isolator
Faraday isolators (FIs) are essential components of GWOs, as illustrated in Figure 1.1. They
provide optical isolation by suppressing back-reflected light while allowing forward transmission,
thereby effectively acting as optical diodes. Such isolators are commonly used in front of the
squeezer or the high-power laser system. Furthermore, they enable the injection of squeezed
light into the filter cavity for the implementation of frequency-dependent squeezing and its
subsequent injection into the interferometer dark port. To fulfill their respective functions
effectively, FIs must satisfy two key requirements: high transmission efficiency (i.e., minimal
optical losses) and strong suppression of back-reflected light. Likewise, the FR-based injection
stage must also exhibit low optical losses.

Polarization
direction

Rotated
polarization

Return
of any

polarization

Faraday rotator

(a) Incoming light from laser

(b) Returned light

PBS

Rotated
PBS

Rotated
polarization

Figure 1.6: Schematic representation of a Faraday isolator consisting of two polarization beam
splitter (PBS) and a Faraday rotator, which contains a magneto-optical crystal that ideally
rotates the polarization by 45°. (a) shows the forward direction, as seen from the laser, while
(b) shows the return direction.

Figure 1.6 illustrates the working principle of a Faraday isolator. In the forward direction (upper
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Section 1.1: Faraday Isolator & Optical Cavity

part of the figure), vertically polarized light enters the first polarizing beam splitter (PBS),
which is aligned to transmit this polarization. The light then passes through the Faraday
rotator, which contains a magneto-optical material of thickness d and Verdet constant V .
A permanent magnet encloses the magneto-optical material with the magnetic field B. This
combination produces a polarization rotation

α = V Bd . (1.11)

Ideally, the Faraday rotator rotates the polarization by 45° clockwise, allowing full transmission
through the second PBS, which is likewise rotated by 45° clockwise. Rotating the PBS simply
means that its transmission axis is aligned with the rotated polarization of the light, ensuring
that the light passes through without further attenuation. Any light returning toward the laser
is reflected at one of the PBSs, preventing it from reaching the light source, as shown in the
lower panel in Figure 1.6. Losses in this configuration arise only from component imperfections,
such as absorption.

If the rotation of the Faraday rotator deviates from the ideal angle, light is partially blocked
by the second PBS. The intensity transmission Itran. as a function of the angular offset θoffset
is given by the law of Malus [16] as

Itran = I0 cos2(|θperfect − θmeasured|︸ ︷︷ ︸
θoffset

), (1.12)

where I0 denotes the initial intensity. In GWOs, squeezed light passes through the FI twice. A
3° deviation from the ideal Faraday‑rotator angle corresponds to a loss of approximately 1.1 %
after two passes, assuming unit initial intensity.

In GWOs, a subsystem of the FI is also used to inject a secondary optical field (e.g., squeezed
light) into the interferometer, typically consisting of a first PBS and a Faraday rotator (FR).
In this configuration, the injected field is coupled into the system via the second input port of
the first PBS, which corresponds to the reflected output path of the isolator. The injected field
is prepared in a defined linear polarization state and co-propagates with the main optical field
through the isolator. In the forward direction, the polarization state is rotated by the FR, and
the second PBS directs both optical fields into the interferometer input path. In the reverse
direction, however, light returning from the interferometer experiences the same non‑reciprocal
polarization rotation and is therefore projected onto a polarization state that is not aligned
with the transmission axis of the second PBS. Consequently, it is reflected and routed toward
the reflection port of the first PBS. To prevent this back‑propagating light from reaching the
secondary light source, an additional FI is placed in the injection path. In principle, a single PBS
would already be sufficient for this injection scheme; however, in practical implementations the
additional PBS in the FI configuration is often used as a monitoring channel.
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Chapter 1: Theoretical Foundations

1.2 Fundamentals of Second-Order Nonlinear Parametric
Processes

In the regime of weak optical fields, the material response can be approximated as linear, such
that the induced polarization scales proportionally with the applied electric field.

P(t) = ε0 · χ(1)E(t) (1.13)

This linear relationship accounts for fundamental optical phenomena such as refraction and
absorption. However, when the electric field strength reaches sufficiently high values, as achiev-
able with modern laser sources, this linear approximation breaks down and higher-order con-
tributions to the material polarization become significant.
In nonlinear media, the material polarization can be expressed as a power series in the electric
field, giving rise to higher-order interaction terms. These effects are governed by the second-
order nonlinear susceptibility, χ(2), and give rise to phenomena such as second-harmonic gen-
eration, sum- and difference-frequency generation, and optical parametric amplification.

In this chapter I describe, the fundamental principles of second-order nonlinear parametric
processes, including the nonlinear polarization, energy and momentum conservation (phase
matching), and the basic equations governing frequency conversion in χ(2) media. I follow
closely the mathematical description by R. W. Boyd [17] and H. A. Bachor [18].

1.2.1 Nonlinear Polarization and Classification of Second-Order Para-
metric Processes

In second-order nonlinear processes, an optical field interacts with a nonlinear medium that
can produce new optical fields at various frequencies ω. A defining characteristic of these
interactions is that they are parametric: energy and momentum are exchanged between the
interacting fields, while the medium remains in its ground state. This can be expressed as

ω1 = ω2 + ω3, (1.14)
k1 = k2 + k3, (1.15)

where k1,2,3 = 2πn(λ)
λ1,2,3

u1,2,3 is the wavevector of the field, λ1,2,3 its wavelength, u1,2,3 a unit
vector along the direction of propagation, and the indices 1, 2, and 3 correspond to the pump,
signal, and idler fields, respectively.

An illustration of this process is shown in Figure 1.7 (left). As discussed above, the linear
approximation for the material polarization is no longer sufficient at high field intensities. The
nonlinear polarization can be obtained by a Taylor expansion of the material response:

P(t) = ε0

(
χ(1)E(t)︸ ︷︷ ︸

linear

+χ(2)E2(t) + χ(3)E3(t) + . . .︸ ︷︷ ︸
nonlinear

)
. (1.16)

Correspondingly, the time-dependent electric field can be expressed as

E(t) = E1e−iω1t + E2e−iω2t + c.c. (1.17)
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ω1,k1

ω2,k2

ω3,k3

Λ

PDC

ω2

ω3

ω1

DPDC

ω2

ω3

ω1

ΔT SHG

ω1

ω1

2ω1

Figure 1.7: Schematic illustration: the left panel shows energy and momentum conservation
in a nonlinear process occurring in a periodically poled nonlinear crystal with poling period Λ.
The right panel depicts an energy-level diagram illustrating common second-order nonlinear
processes. It starts with basic PDC, which can be temperature-tuned by ∆T to achieve DPDC,
and includes the reverse process, SHG.

In this thesis, only second-order nonlinear effects are considered. Substituting the expressions
above and retaining only the χ(2) terms yields

P(2)(t) = ε0χ
(2)E2(t) =

∑
n

P(ωn)e iωnt , (1.18)

where ωn represents the generated frequency components, e.g ω1 ± ω2, and ε is the vacuum
permittivity. By substituting the expressions for the electric fields and expanding the squares,
we obtain the following general second-order polarization terms:

P(2ω1,2) = ε0χ
(2)E2

1,2 SHG (1.19)
P(ω1 + ω2) = 2ε0χ

(2)E1E2 SFG (1.20)
P(ω1 − ω2) = 2ε0χ

(2)E1E∗
2 DFG (1.21)

Second-Harmonic Generation (SHG) generates a new field at twice the frequency of a
single input field, i.e., ω1 = ω2.

Sum-Frequency Generation (SFG) generates a new field from the sum of two different
input fields, i.e., ω3 = ω1 + ω2.

Difference-Frequency Generation (DFG) generates a new field from the difference of two
input fields, i.e., ω3 = ω1 − ω2.

The right panel in Figure 1.7 shows a visualization of these processes using virtual energy levels.
As an example, parametric down-conversion (PDC) is illustrated, where a pump photon at fre-
quency ω1 is converted into two lower-frequency photons, ω2 and ω3, such that ω1 = ω2 +ω3.
SFG corresponds to the reverse process, i.e., the combination of two fields to generate a higher-
frequency field, while DFG corresponds to the difference process. On the far right side of the
panel, SHG is displayed.

Heating the nonlinear crystal modifies effective refractive indices, enabling output wavelength
tuning. When both generated fields reach the same frequency, i.e. ω2 = ω3, the process is
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called degenerate parametric down-conversion (DPDC). A detailed discussion of temperature
tuning and quasi phase matching is given in the following section.

I would like to highlight a special sub-case that plays a major role in this work, namely optical
parametric oscillation (OPO) and its cavity-enhanced implementation. By placing a nonlinear
medium inside an optical cavity and pumping it with a pump field at frequency ω1, the process
generates two output frequencies, ω2 and ω3, fulfilling the energy conservation ω1 = ω2 + ω3.
Although formally identical to cavity-enhanced PDC, the cavity provides feedback, enhances
the nonlinear interaction, and enables coherent oscillation of the generated fields.

The threshold pump power Pthr is defined as the point at which the number of generated
photons becomes sufficiently large that the output fields can be described as bright classical
light sources and is given by [19] as

Pthr = π2

4F 2
ω2,3 Bω1 ηNL

, (1.22)

where Fω2,3 denotes the cavity finesse at the converted modes, Bω1 the intracavity build-up
factor of the pump field, and the nonlinear conversion efficiency factor ηNL given by the material.
Two critical operational regimes of the OPO must be distinguished:

Above-threshold operation: The non-degenerate OPO is commonly used as a bright and
widely tunable laser source [20, 21, 22]. In most cases, one of the generated fields is not
utilized, which limits the maximum conversion efficiency to approximately 50 %. This
limitation can be overcome by using a temperature-tuned nonlinear medium, mostly a
crystal, which shifts both output fields together, enabling a degenerate operation, alias
the degenerate optical parametric oscillation (DOPO), and reaching significantly higher
conversion efficiencies [23].

Below-threshold operation: In this regime, the output fields are weak and occupied with
very few photons, giving rise to nonclassical states of light. In particular, the OPO
generates a so-called squeezed state. A detailed explanation of this state can be found
in Section 1.3.3.

As mentioned above, the OPO process can be optimized by adjusting the crystal temperature.
In the next chapter, we will examine in detail how temperature tuning can be used to optimize
nonlinear interactions, a concept known as quasi-phase matching.

1.2.2 Principles of Phase Matching
For a nonlinear process to occur, both energy and momentum conservation must be satisfied.
Momentum conservation, in particular, requires a specific phase relation, meaning that the
interacting optical waves must maintain a fixed phase while propagating through the nonlinear
medium, thereby enabling efficient energy transfer between the fields. The following discussion
is based on the analysis presented in R. W. Boyd [17].

In one dimension, the phase matching condition is given by

∆k = k1 − k2 − k3 ≡ 0, (1.23)
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where k1, k2, and k3 denote the wave vectors of the interacting waves of the pump, signal, and
idler fields along the propagation direction. If this condition is fulfilled, the generated nonlinear
polarization remains in phase with the generated field, leading to a monotonic increase of the
conversion efficiency along the propagation direction. Achieving this condition requires careful
control of the refractive indices for each interacting wave. A widely used and well-established
method is temperature tuning of the nonlinear crystal, which exploits the birefringence of the
optical material. However, this approach has limitations, since in some materials the birefrin-
gence is nearly constant or insufficient to fully compensate the wave-vector mismatch.

When conventional phase matching reaches its limits, an alternative technique known as quasi-
phase matching (QPM) can be applied. In this approach, a periodically poled nonlinear crystal
is used, in which the sign of the effective nonlinear coefficient deff alternates between positive
and negative values. One period of this modulation is defined as the poling period Λ, as
illustrated in the left panel of Figure 1.7.
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Figure 1.8: Simulation of three different phase matching conditions in a periodically poled
nonlinear crystal. For perfect phase matching, the generated field amplitude increases linearly
with propagation length. Without phase matching (no phase matching case), a nonzero wave-
vector mismatch causes the amplitude to oscillate along the propagation direction. Finally,
the quasi phase matching case uses a periodic modulation of the nonlinear coefficient to
compensate for the phase mismatch, resulting in a monotonic increase of the field amplitude
with interaction length. Simulation taken from [24].

Figure 1.8 illustrates the generated field amplitude as a function of interaction length for
three different phase matching scenarios: the no phase matching case, the perfect phase
matching case, and the quasi phase matching case. These three cases are described in the
following. Without phase matching, a nonzero wave‑vector mismatch ∆k = k1 − k2 − k3 ̸= 0
causes the generated field to oscillate in amplitude, reducing the net conversion efficiency.
Critical phase matching corresponds to perfect phase matching, where the amplitude increases
monotonically along the propagation direction. In QPM, the periodic inversion of deff effectively
resets the phase of the nonlinear polarization after each coherence length Lcoh, i.e., the buildup
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length over which the accumulated phase mismatch reaches π (so that the contributions add
constructively), allowing a monotonic increase of the generated field along the crystal. For
first-order QPM, the optimal poling period is given by Λ = 2Lcoh as shown in Figure 1.7 (left).
Mathematically, the first-order effective phase-matching condition can be written as

∆km = k1 − k2 − k3 −
2π
Λ , (1.24)

and it is fulfilled when ∆km = 0. This effective phase-matching condition can be optimized by
adjusting the temperature, since the temperature dependence of the refractive indices changes
the effective phase accumulation.
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1.3 From Classical Fields to Quantum States: Coherent
and Squeezed Light

Quantum optical experiments rely on highly coherent laser sources, which serve as carriers for
both control fields and non-classical states. In this thesis, I focus in particular on squeezed light,
which exhibits reduced quantum fluctuations in a chosen quadrature. To provide the theoretical
background, this chapter first introduces coherent states, which serve as the closest quantum
analogue of classical laser light, following the formalism of Gerry and Knight [25]. Building on
this, squeezed states are then introduced by the formalism of Gerry and Knight [25] and R.
Schnabel [26], highlighting their distinct quantum properties and relevance for the experiments
discussed in this work.

1.3.1 Light Field Quantization
We begin by considering a classical harmonic oscillator as a model for a single mode of the elec-
tromagnetic field in a one-dimensional cavity along the z-axis, with the electric field polarized
along the x-direction. The classical Hamiltonian of this oscillator is given by

H = 1
2(p2 + ω2q2), (1.25)

where q and p are the canonical position and momentum variables. To describe the system
quantum mechanically, we replace these variables with operators q̂ and p̂, which satisfy the
canonical commutation relation [q̂, p̂] = iℏ, where the identity operator Î has been omitted
for brevity. With this, the quantum Hamiltonian becomes

Ĥ = 1
2(p̂2 + ω2q̂2). (1.26)

Introducing the annihilation operator â and the creation operator â† as

â = 1√
2ℏω

(ωq̂ + i p̂), (1.27)

â† = 1√
2ℏω

(ωq̂ − i p̂), (1.28)

which satisfy the commutation relation [â, â†] = 1, the Hamiltonian can be rewritten as

Ĥ = ℏω
(

â†â + 1
2

)
. (1.29)

The number operator n̂ is given as â†â. Following the standard formalism [25], the field
quadratures are defined with the annihilation and creation operators as

X̂ = 1
2(â + â†), (1.30)

Ŷ = 1
2i (â − â†), (1.31)

which can equivalently be expressed in terms of position X̂ =
√

ω
2ℏ q̂ and momentum Ŷ =

1√
2ℏω p̂. These operators satisfy the commutator relation [X̂ , Ŷ ] = i

2 . The Hamiltonian operator
can be rewritten as

Ĥ = ℏω(X̂ 2 + Ŷ 2), (1.32)
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and the Heisenberg uncertainty relation is given by

⟨(∆X̂ )2⟩⟨(∆Ŷ )2⟩ ≥ 1
16 . (1.33)

A quadrature operator for an arbitrary phase angle θ is defined as
X̂θ = cos(θ)X̂ + sin(θ)Ŷ . (1.34)

1.3.2 Coherent State of Light
Coherent states |α⟩, eigenstates of the annihilation operator, represent the closest quantum
analogue to classical light fields. A coherent state is defined as the eigenstate of the annihilation
operator,

â |α⟩ = α |α⟩ , (1.35)
where α is a complex number. The coherent state can be written as

|α⟩ = D̂(α) |0⟩ (1.36)

= exp
(
−1

2 |α|
2
) ∞∑

n=0

αn
√

n!
|n⟩ . (1.37)

D̂(α) = exp(αâ†−α∗â) describes the displacement operator acting on a vacuum field |0⟩. For
the coherent state, the expectation value of an arbitrary quadrature operator is

⟨α| X̂θ |α⟩ = ⟨X̂θ⟩α = cos(θ)⟨X̂ ⟩α + sin(θ)⟨Ŷ ⟩α, (1.38)
with ⟨X̂ ⟩α = ℜ(α) and ⟨Ŷ ⟩α = ℑ(α). The coherent state saturates the Heisenberg uncertainty
relation

⟨(∆X̂ )2⟩ ⟨(∆Ŷ )2⟩ = 1
4 · 1

4 = 1
16 , (1.39)

and therefore is also referred to as a minimum-uncertainty state.

Figure 1.9 illustrates coherent states in the so-called phasor diagram. Panel (a) shows a
quantum vacuum state, while panel (b) shows a coherent state with amplitude |α|. In both
cases, the size and shading indicate the identical quantum uncertainties of the X̂ - and Ŷ -
quadratures.

Figure 1.9: Phase-space simulation of (a) a quantum vacuum state and (b) a coherent state
with amplitude |α|. The size of the circle and the shading illustrate the equal uncertainty in
both quadratures.
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1.3.3 Squeezed State of Light
A special type of quantum light is the so-called squeezed light, which plays a central role in this
thesis as well as in a variety of quantum experiments, including quantum metrology. Squeezed
states reduce quantum uncertainty in one quadrature while increasing it in the conjugate
quadrature, known as the squeezed and anti-squeezed quadratures:

⟨(∆X̂ )2⟩ < 1
4 ,

⟨(∆Ŷ )2⟩ > 1
4 ,

or vice versa, while the Heisenberg uncertainty of ⟨(∆X̂ )2⟩⟨(∆Ŷ )2⟩ = 1
16 remains satisfied.

This transforms the circular uncertainty region of the coherent state into an ellipse, as shown
in Figure 1.10. Panel (a) shows a squeezed vacuum state whereas (b) depicts a displaced
squeezed state with amplitude |α|.

Figure 1.10: Phase-space simulation of (a) a quantum vacuum squeezed state and (b) a
displaced squeezed state with amplitude |α|. The size and shading of the ellipse illustrate the
quantum uncertainty in both quadratures. In both panels, the squeezing occurs along the X̂
quadrature, while the anti-squeezing is along the Ŷ quadrature.

A generic quadrature operator can be written as

X̂θ = 1
2(âe−iθ + â†e iθ) (1.40)

with X̂θ=0 = X̂ and X̂θ=π
2

= Ŷ .

The squeeze operator is defined as

Ŝ(ξ) = exp
[

1
2(ξ∗â2 − ξâ† 2)

]
, (1.41)

where ξ = re iθ and r is the squeeze parameter. Applying the squeeze operator to an arbitrary
state |Ψ⟩ yields the squeezed state |ΨS⟩ = Ŝ(ξ) |Ψ⟩. In the special case where |Ψ⟩ is a vacuum
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state |0⟩, the quadrature variances are given by

⟨(∆X̂ )2⟩ = 1
4
[
cosh(r)2 + sinh(r)2 − 2 sinh(r) cosh(r) cos(θ)

]
, (1.42)

⟨(∆Ŷ )2⟩ = 1
4
[
cosh(r)2 + sinh(r)2 + 2 sinh(r) cosh(r) cos(θ)

]
. (1.43)

For θ = 0, these reduce to

⟨(∆X̂ )2⟩ = 1
4e−2r , (1.44)

⟨(∆Ŷ )2⟩ = 1
4e+2r . (1.45)

Because squeezing depends on the phase, the variance along a rotated quadrature X̂θ is the
projection of the squeezed ellipse onto the measurement axis,

∆2X̂θ = ∆2X̂ cos(θ)2 + ∆2Ŷ sin(θ)2. (1.46)

Squeezed states of lights play a crucial role in modern quantum technologies, as they reduce
the noise in a specific quadrature and thus enhance the sensitivity of measurement along that
quadrature.

Squeezing in a Degenerate Optical Parametric Oscillator

This section presents squeezing in a degenerate optical parametric oscillator. The analysis fol-
lows the treatment by Ling-An Wu, Min Xiao, and H. J. Kimble [19].

In a DOPO, the quadrature variances are represented by the squeezing functions: ⟨(∆X̂ )2⟩ ∝
S− (phase quadrature) and ⟨(∆Ŷ )2⟩ ∝ S+ (amplitude quadrature). To facilitate the descrip-
tion of different noise regimes in later chapters (see Chapter 4), I also introduce two reference
variances. The vacuum (shot‑noise) variance is denoted by Sv, corresponding to the quadrature
noise of the quantum vacuum state. A thermal‑like state with increased and approximately
isotropic quadrature noise is denoted by St. Together with the squeezed and anti‑squeezed vari-
ances S− and S+, these definitions provide a consistent notation for all noise levels discussed
in this thesis. Squeezing dynamics in and around the threshold regime are described by

S±(ν) = 1 ± 4Γ1|ϵ2|(Γ 2
2 + ν2)

[Γ2(Γ1 ∓ |ϵ2|) + |ϵ1|2 − ν2] + ν2(Γ1 ∓ |ϵ2| + Γ2)2 , (1.47)

where Γ1/2 are the amplitude decay rates of the cavity modes and ν is the Fourier frequency.
The quantities ϵ1/2 = κα1/2 are defined in terms of the intracavity amplitudes α1 (subharmonic
field) and α2 (fundamental field), with κ denoting the nonlinear coupling coefficient.

Equation 1.47 describes the general squeezing spectrum in terms of the intracavity amplitudes
ϵ1,2. In order to connect this expression to experimentally accessible parameters, the pump
amplitude is related to the pump power via |ϵ2| ∝

√
P. The threshold pump power P thr is

defined by the condition |ϵ2| = |ϵthr
2 | at the onset of parametric oscillation. This allows the

squeezing spectrum to be expressed in terms of the dimensionless ratio P/P thr in the below-
threshold regime. The corresponding equation is

S± = 1 ± η
4
√

P/Pthr

4(ν/Γ1)2 + (1 ∓
√

P/Pthr)2
. (1.48)
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Squeezed states of light are highly sensitive to optical losses, which represent the main limit-
ing factor for achieving high squeezing levels. To quantify this effect, we introduce the overall
detection efficiency of the system as η.

Figure 1.11 shows a simulation based on Equation 1.48, where anti-squeezing (S+) and squeez-
ing (S−) are shown relative to the shot-noise level. This simulation considers realistic paramet-
ers reported in the paper [27], while neglecting optical losses. In particular, the cavity decay
rate is Γ1 ≈ 110 MHz at a Fourier frequency of ν ≈ 5 MHz. Maximum squeezing is achieved
for P/Pthr → 1. In other words, operation close to the threshold (P ≲ P thr) yields maximum
squeezing. The achievable squeezing and anti-squeezing levels are limited by the ratio of the
chosen Fourier frequency and the cavity decay rate.

Figure 1.11: Phase- and amplitude-quadrature squeezing S± as a function of the normalized
pump power P/P thr. The red line corresponds to anti-squeezing, the blue line to squeezing,
and the grey line to shot noise.

Impact of Optical Losses on Squeezing

Losses are modeled as a beam splitter with transmission η, mixing the ideal squeezed state
with a vacuum state and increasing the squeezed quadrature variance. In contrast, the variance
of the anti-squeezing quadrature is already large, making it less sensitive to losses. This mixing
is ultimately limited by the total loss of a quantum state, which can transform a squeezed
state towards a coherent like state.

Figure 1.12 shows an analytical plot of this formula, displaying the observed (anti-)squeezing
as a function of optical loss (1-η) in percent, for different pump-to-threshold power ratios and
ν/Γ1 = 0.005. Squeezing is shown as the blue trace, while anti-squeezing is shown in red.

This demonstrates that losses have a much stronger impact on squeezing than on anti-
squeezing, highlighting the importance of minimizing optical losses in experiments aiming
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for high squeezing levels.

The achievable squeezing in a DOPO is primarily determined by the normalized pump power
P/P thr and the overall detection efficiency η, as seen in Equation 1.48. In realistic setups,
this intrinsic squeezing is limited by optical losses that reduce the overall efficiency. These
losses include, for example, imperfect quantum efficiency (QE) of photodiodes, absorption and
scattering in optical components, and other technical imperfections, which together constitute
the dominant loss channels in the system. This highlights that high pump power alone is insuf-
ficient to achieve strong squeezing; instead, minimizing optical losses is essential. Moreover,
phase-matching conditions further limit the achievable squeezing by reducing the effective
nonlinear gain.

Figure 1.12: Simulation of (anti-)squeezing relative to the shot-noise level as a function of
optical loss for different pump-to-threshold power ratios. Two main observations emerge: first,
squeezing is significantly more sensitive to losses; second, anti-squeezing is strongly affected
only at very high losses.
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1.4 Detection Strategy for Squeezed Light
Accurate detection of squeezed states requires photodetectors with high efficiency, as optical
loss directly degrades the observable squeezing. Various photodetector technologies exist for
this purpose, including PIN photodiodes and avalanche‑based systems. In this thesis, I focus
on PIN photodiodes, as they were used in all experiments. In addition to the detector itself,
the detection strategy plays an equally important role. A widely used approach is balanced
homodyne detection, which employs two photodiodes and allows measurement of arbitrary
quadratures through control of the local oscillator (LO) phase. As photodiodes form the core
of this technique, we first review their fundamental properties before discussing the homodyne
detection scheme applied in this work.

1.4.1 Basics of Photodiodes for Quantum Optical Detection

P-region

N-region

I-region

2128 nm

Reverse 
bias

Anti-reflection
coating

Figure 1.13: Schematic representation of a PIN photo-
diode, illustrating the P-, I-, and N-regions.

Squeezed states are highly sensitive
to optical loss, meaning that any in-
efficiency in the detection chain dir-
ectly reduces the observable squeez-
ing and increases decoherence. Pho-
todiodes are the last element in
the detection chain, and their per-
formance is of central importance
for quantum‑noise–limited measure-
ments. For this reason, it is essential
to understand the key properties of
the photodiodes used in this work.
Photodiodes operating at 1064 nm
are widely used in the gravitational-
wave community, which has driven
the development of highly efficient
and low-noise devices [28]. In contrast, photodiode technologies for the proposed 2 µm
wavelength regime are less mature. Since detection of squeezed states places stringent re-
quirements on both quantum efficiency (QE) and dark noise, we briefly summarize these two
properties in the following. The theoretical considerations presented here follow the analysis
by Abdelhakim Boudkhil, Asmaâ Ouzzani, and Belabbes Soudini [29].

A schematic of a PIN photodiode is shown in Figure 1.13. The P-region provides an excess
of holes, while the N-region provides an excess of electrons. The intrinsic (I) region serves as
the photon absorption layer, and its performance can be tuned by adjusting the reverse bias
voltage applied to the diode.

Photodiode Noise

Photodiode detection is affected by several noise sources, which can be broadly divided into
two categories:

Fundamental noise: The first is thermal noise, originating from the random motion of elec-
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trons due to thermal energy. This can be described by

ī 2
thermal = 4kBT∆f

R , (1.49)

where kB is Boltzmann’s constant, T is the temperature in Kelvin, R is the photodi-
ode resistance, and ∆f is the measurement bandwidth. A second fundamental source is
quantum noise, commonly referred to as shot noise. It describes the stochastic fluctu-
ation of the photocurrent due to the discrete nature of photons:

ī 2
shot = 2e(Idark + Ilight)∆f , (1.50)

where Idark is the photodiode dark current, representing the current contribution arising
from intrinsic (mainly thermal) charge-carrier processes in the absence of incident light,
and Ilight is the photocurrent due to incident light.

Excess noise: Includes pink noise, also known as 1/f noise, which arises from defects and
barrier effects in the semiconductor:

ī 2
pink = A

f α
, (1.51)

where f is the measurement frequency, A is a proportionality constant, and α is the
power-law exponent characterizing the spectral frequency dependence. The generation–
recombination (G‑R) noise, caused by the random generation and recombination of
carriers, is defined as

ī 2
G-R = A

1 + (2πf τ)2 , (1.52)

where τ is the average carrier lifetime and A is a proportionality constant.

The total noise of the photodiode is then given by

ī 2
total = ī 2

thermal + ī 2
shot + ī 2

pink + ī 2
G-R. (1.53)

Figure 1.14 illustrates the different noise contributions of a photodiode, compiled from a variety
of realistic photodiode parameters. The parameters used for the thermal noise calculation are
T = 293 K and R = 4 kΩ, corresponding to realistic operating conditions of the FDG50 model
from Thorlabs [30]. For shot noise, values of Ilight = 1 mA and Idark = 60 µA are assumed,
representing typical experimental operating conditions [30]. Pink noise is modeled using A2 =
2.4 · 10−10 and α = 1, based on the self-measured experiment described in Section 3.2.1. For
the G–R noise model, the parameters τ = 3 ms and A2 = 1 · 10−10 are used, based on the
model described in [31]. In practical experiments, the dominant noise contribution is typically
either shot noise or pink noise, depending on the frequency and wavelength. For squeezed light
measurements, the system is optimized to operate in the shot-noise-limited regime.
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Figure 1.14: Illustration of the various individual and total noise contributions in a photodiode.
In typical experiments, the measurement is dominated by shot or pink noise, while generation–
recombination and thermal noise play a minor role.

Photodiode Efficiency

For squeezing experiments, the most important photodiode parameter is the quantum effi-
ciency, ηQE. This quantity describes the probability of generating an electron–hole pair for
each absorbed photon. Intuitively, any photon that is not absorbed represents a loss in the
system, which should generally be minimized.

Here, QE is defined to include contributions from the dark current or, equivalently, the dark
voltage after transimpedance amplification. The detection efficiency (DE), ηDE, refers to the
photodiode’s response excluding dark contributions. In the following, we express both quantities
in terms of voltage, since this is directly relevant for later experiments. These definitions lead
to:

ηDE = Utot − Udark
Uperf

, (1.54)

ηQE = Utot − Udark
Uperf + Udark

, (1.55)

where Utot is the total measured voltage, Udark is the contribution when no light is impinging
on the PD, and Uperf denotes the idealized voltage that would be produced if every photon
incident on the photodiode were converted into exactly one electron–hole pair and the dark
voltage were zero.
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1.4.2 Balanced Homodyne Detection

Squeezed light

Local oscillator
Analyze
system

Figure 1.15: Schematic setup of a homodyne detection
system for the measurement of squeezed light.

Figure 1.15 shows a typical exper-
imental setup for homodyne detec-
tion. A strong coherent beam, re-
ferred to as the LO, is spatially
overlapped with the squeezed beam
at a beam splitter. The quality of
this overlap is crucial for an accur-
ate quadrature measurement and
can be quantified using two com-
mon methods. The first method em-
ploys a reference cavity to match
the spatial modes of both beams
and to quantify the mode‑matching
of each beam to this cavity, which
determines the quality of their overlap. The second method uses an interference measurement,
where the mode overlap is determined from the visibility V , defined as

V = Imax − Imin
Imax + Imin

. (1.56)

Here, Imax and Imin denote the maximum and minimum intensities of the interference pat-
tern on the PD, respectively. For both measurement methods, the squeezed field must be
accompanied by a coherent carrier. After optimal alignment, the two output ports of the beam
splitter are detected by identical photodiodes, and the corresponding photocurrents are sub-
tracted electronically. This balanced detection scheme suppresses classical amplitude noise of
the LO and enables a direct measurement of the quantum noise of the squeezed field. To gain
a deeper understanding of this process, the mathematical description of homodyne detection
is reviewed in the following, based on the treatment given in [17].

The interference outputs after the beam splitter are given by

â1 = 1√
2

(âLO + âsqz), (1.57)

â2 = 1√
2

(âLO − âsqz). (1.58)

Detection of these outputs with photodiodes, followed by subtraction of the photocurrents,
yields a difference current I−. In the ideal case, this current is proportional to the difference of
the photon number operators,

I− ∝ â†
1â1 − â†

2â2. (1.59)

By substituting the general field quadrature operator (Equation 1.40), assuming that the local
oscillator dominates over the squeezed field, and replacing the LO amplitude operator with
its classical amplitude α̂LO → αLO = |αLO|e iϕLO , the variance of the measured photocurrent
becomes

⟨(∆I−)2⟩ ≈ 4ILO

(
⟨(∆X̂ )2⟩ cos2(ϕLO) + ⟨(∆Ŷ )2⟩ sin2(ϕLO)

)
. (1.60)
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Here, ILO denotes the photocurrent contribution generated by the local oscillator, which is
proportional to its optical power. The measured field quadrature is selected by the phase of
the local oscillator ϕLO and can be scanned in order to reconstruct the full quadrature noise
distribution.

In a realistic squeezing experiment, several additional effects must be taken into account. First,
the overall detection efficiency η reduces the observable squeezing and leads to

⟨(∆I−)2⟩meas = 4ILOη
(
⟨(∆X̂ )2⟩ cos2(ϕLO) + ⟨(∆Ŷ )2⟩ sin2(ϕLO)

)
+ 1

4 ILO(1 − η). (1.61)

Second, technical noise contributions originating from the laser source, photodiodes, and elec-
tronic amplifiers add to the measured variance. For reliable squeezing measurements, these
noise sources must be suppressed such that the detector operates in the shot-noise-limited
regime.
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Conversion of 30 W Laser Light at
1064 nm to 20 W at 2128 nm

Figure 2.1: A schematic representation of the GWO
highlighting the focus of this chapter, the high‑power
pump laser.

Figure 2.1 highlights the subsys-
tem addressed in this section. The
high‑power light source delivers the
stable optical power required by the
interferometer. A central goal of
this work is to generate at least
20 W of stable, high‑quality light
at 2128 nm. This corresponds to
roughly one‑fifth of the pump power
required for future GWOs [5, 6,
7].

At the core of this experiment
lies wavelength doubling of the
pump laser through degenerate
optical‑parametric oscillation. This
technique is known to transfer the
noise characteristics of the pump
source to the converted light [32,
33]. We demonstrate that this pro-
cess can even reduce the noise of
the converted light, as reported in
the journal Optics & Laser Techno-
logy [34].

A 1064 nm seed laser from Mephisto was used to produce the pump light, which was then
amplified to 75 W by a neoLASE model neoVAN-4S-HP and converted to 2128 nm. The same
amplification stage was used in the Advanced LIGOs during the fourth observation run [13].
Results were published in the journal Classical and Quantum Gravity [35].
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This chapter is structured into two parts: the generation of a 2128 nm high‑power laser and
the observation of noise reduction in a degenerate optical‑parametric down‑conversion.

The high‑power experiment was carried out in collaboration with the group of Apl. Prof.
Dr. Benno Willke, who provided the 1064 nm laser and its amplification stages. I set up the
nonlinear cavity and characterization system and delivered them to Hannover. Dr. Christian
Darsow-Fromm assisted me in doing the experimental demonstration and characterization.
This section is structured into three parts: first, preliminary considerations with a closer look
at the nonlinear cavity; second, the experimental setup; and third, the results (including con-
version efficiency and relative power noise).

In Hamburg, a low power setup was used to carry out and evaluate the noise suppression
experiment. To identify and study this behavior, I used the setup that I built during my master
thesis. The classical theory was done with help from Asst. Prof. Sebastian Steinlechner and
the quantum theory was done fully by Dr. Mikhail Korobko and can be found in the paper [34]
or the Appendix A.2 for the sake of completeness. In this section, I give an overview of the
classical theory, followed by the experimental setup and main results.

Technical challenges must be overcome in order to operate the system reliably at both high
and low power. These include stabilizing the nonlinear cavity on resonance via Pound–Drever–
Hall locking, ensuring simultaneous resonance of both wavelengths, achieving sufficient mode
separation in the cavity, and maintaining the degenerate state of the signal and idler fields
through precise temperature control. Especially at high pump powers, thermal effects such as
changes in the refractive index and thermal lensing become increasingly relevant and impact
both the achievable conversion efficiency and the cavity‑length stabilization system. These
aspects are discussed in detail in the following sections.
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2.1 Preliminary Considerations About the Project
To achieve the required high‑power light at 2128 nm, we rely on the well‑understood, estab-
lished, and highly optimized NPRO 1064 nm laser source and convert its wavelength via the
nonlinear process of degenerate optical parametric oscillation. This approach makes it possible
to retain the excellent technical properties of the NPRO system instead of developing an en-
tirely new laser source. Previous low‑power experiments in our group had already demonstrated
this concept, and components such as the nonlinear crystal were reused for the high‑power
setup.

With this motivation in mind, this section discusses the design and parameters of the nonlinear
cavity, focusing on the optimization of the coupling‑mirror reflectivity. The crystal, with fixed
dimensions of (9 × 2 × 1) mm, was installed in an existing mount, which only allowed minor
optimization of the air gap by repositioning the crystal. Due to the limited mechanical space
of this mount, more substantial modifications would have required a complete redesign of the
mount. The resulting configuration aims to balance threshold power and maximum conversion
efficiency.

2.1.1 Detailed Examination of the Parametric Cavity

Figure 2.2: Simplified parametric cavity design for high-power frequency conversion. resonator
scheme. The resonator is defined by the coupling mirror and the end surface of the crystal.
Its length is controlled by a ring piezo attached to the coupling mirror and actively stabilized
through a feedback loop. Phase matching is achieved by tuning the effective optical length
of the periodically poled domains via the temperature T1. Simultaneous resonance of both
wavelengths is obtained by tuning T2 together with the piezo position

The parametric cavity, also referred to as a nonlinear cavity, was pumped at 1064 nm, and
through the (degenerate) optical‑parametric oscillation process it generated bright light at half
the pump frequency, i.e., at 2128 nm. An overview of its layout is shown in Figure 2.2, whose
design was based on the work of Dr. Axel Schönbeck [36] and was optimized for my purpose.
The cavity began with the coupling mirror, mounted on a piezo actuator for length control. This
allowed the resonator to be actively stabilized to the pump frequency using the Pound–Drever–
Hall technique [37, 38]. It was followed by an air gap and the periodically poled potassium
titanyl phosphate (PPKTP) crystal with a curved end face. The flat side of the crystal had
an anti‑reflection (AR) coating, while the curved side carried a high‑reflectivity (HR) coating
for both wavelengths. In other words, the coupling mirror and the HR‑coated curved end face
of the crystal together formed the cavity. The nonlinear crystal therefore acted simultaneously
as the intracavity medium and as one of the mirrors, thereby minimizing intracavity losses
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since the light passed only a single AR‑coated surface. There was ongoing research about a
monolithic cavity, which further reduced internal losses but posed other challenges [39]. Two
temperature regions, T1 and T2, were applied to the crystal. Temperature T1 was used to
stabilize the cavity length by primarily changing the refractive index of the crystal and, to
a lesser extent, its physical length due to thermal expansion. Temperature T2 was used to
optimize the phase matching by compensating for the poor overlap of the periodic poling at
the crystal’s end face, which would otherwise have reduced the conversion efficiency. A more
detailed explanation can be found in Chapter 1.2.

2.1.2 Air‑Gap Optimization Between the Coupling Mirror and the
Crystal

A central design parameter of the nonlinear cavity is the air gap between the coupling mirror
and the crystal, as it determines the cavity geometry, the mode structure, and the achievable
mode matching. Since the physical dimensions of the crystal and its mount were fixed, the
air‑gap length was one of the few degrees of freedom available for optimization.

I used the simulation Dr. Christian Darsow-Fromm wrote with Finesse/PyKat [40] for his cavity
analyses and modified it for my purpose. Pump and converted fields were treated separately
and without the nonlinearity coefficient, since Finesse cannot perform nonlinear calculations
but is well suited for cavity analysis. Stability was achieved for cavity lengths between 20.8 mm
and 27.5 mm. The optimal mode separation at 21.3 mm matched the existing crystal‑holder
design, so no redesign was required.
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Figure 2.3: Here a simulation of the optimized air gap with 21.3 mm and the corresponding
order m +n of the Gaussian TEMmn modes up to fifth order for both wavelengths is presented.
I chose an equal mode distribution over the coupling mirror phase to make the cavity work as
a mode cleaner. For this simulation, anisotropic mode separation in the crystal was not con-
sidered. The amplitudes of the modes were chosen to be 1/

√
m+n+1 to highlight the decreasing

influence of higher modes. For completeness, the y‑axis is plotted on a linear scale.

All TEMmn modes up to order five, with m + n ≤ 5 are shown in Figure 2.3. Higher‑order
modes are omitted because their narrow linewidths overlap strongly and cannot be displayed
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unambiguously. A further simplification is that any permutations of the same order of m+n are
degenerate and indistinguishable. This is not true for real crystals since their refractive indices
vary in the vertical and horizontal axes, resulting in a slight separation of the modes. The ef-
fect can be used for mode matching, as it helps identify which higher‑order mode corresponds
to which axis and can therefore be optimized. To highlight the diminishing contribution of
higher‑order modes, the Gaussian mode amplitudes were set to 1/

√
m+n+1. They were assigned

different amplitudes because the occurrence of higher‑order modes becomes increasingly un-
likely with rising mode order, as the cavity was optimized for the TEM00 mode. Experimental
cavity scans later verified this behavior through linewidth measurements, as illustrated in Fig-
ure 2.6.

2.1.3 Coupling‑Mirror Reflectivities
In a (D)OPO, the converted power Iout depends on the initial power Iin and the threshold
power Ith, where Iin ≥ Ith [41, 42]:

Iout = 4ηmaxIth

(√
Iin
Ith

− 1
)

, (2.1)

with ηmax as the maximum achievable conversion efficiency. For convenience, this was set to
100 % in the simulation, which is not the case in a real experiment. It depends on several
factors, such as the mode matching to the cavity, the internal cavity losses, and the intrinsic
non‑linearity of the crystal. Conversion efficiency can therefore be defined either as ”external”,
meaning it is not corrected for losses, or as ”internal”, meaning it is corrected for losses. I
always assume external conversion efficiency in this dissertation. Ith is defined as the threshold
power which is proportional to the reflectivities of the light fields at the coupling mirror [43, 44]
and its effective nonlinear coefficient.

In Figure 2.4, the behavior of three different coupling mirror reflectivities is investigated. These
examples include, for instance, points of low, medium, and high pump power corresponding to
perfect conversion efficiency, demonstrating the range of possible system responses. I chose an
effective nonlinearity deff of 5.07 pmV-1 as measured in our previous 2128 nm experiments [45].
Potential crystal damage from absorption was considered. The absorption at 1064 nm is below
20 ppm/cm [46], while the value at 2128 nm is unknown. I did not want to risk damaging the
crystal, which led me to operate at lower power levels. The main criterion was a moderate
threshold power, combined with the ability to reach the target output power of 20 W at a
suitable conversion efficiency. To explore suitable operating points, I considered the following
combinations of coupling‑mirror reflectivities:

Case one: With reflectivities of R1 µm = 80 % and R2 µm = 75 %, the threshold power would
be reached at around 1 W input power, allowing us to verify cavity operation and identify
potential thermal‑lensing effects using our laser without an external power‑amplification
stage. Such thermal lenses were expected, as they had already been observed in our pre-
vious low‑power experiment at similar pump powers [45]. The peak conversion efficiency
would occur at approximately 2 W, but with these reflectivities the target converted
power would not be achievable.

Case two: Reflectivities of R1 µm = 80 % and R2 µm = 50 % resulted in a threshold power of
approximately 3 W, with maximum conversion efficiency reached at a pump power of
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about 13 W. The target converted power therefore fell within a favorable pump‑power
range without significant loss in efficiency. In addition, there was sufficient headroom
to investigate thermal‑lensing effects at lower powers while still enabling higher‑power
operation.

Case three: Using reflectivities of R1 µm = 70 % and R2 µm = 50 %, a threshold power of
about 6 W was obtained, and the best conversion efficiency occurred at a pump power
of roughly 29 W. At these higher pump powers, the increased thermal load made the
cavity behavior more difficult to assess, as thermal effects tended to distort the reson-
ance conditions. Understanding thermal lensing was essential, as it could impair mode
matching, damage the crystal, or lower the conversion efficiency. Increasing the output
power while preserving high efficiency was therefore an important step toward meeting
the requirements of future GWOs.
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Figure 2.4: Simulating the converted power behavior for three coupling mirror reflectivities;
end mirror is always highly reflective. Chosen was the second case with R1 µm = 80 % and
R2 µm = 50 %, resulting in Pthr = 3.25 W with the point of best conversion efficiencies at
13.1 W (see main text for more detail).

After evaluating the three presented cases, I selected the second case with R1 µm = 80 % and
R2 µm = 50 %. This case is advantageous because the threshold power falls within a moder-
ate pump power range, making it a suitable starting point for investigating thermal lensing
effects. Furthermore, it allows for the possibility of exceeding the target output power of 20 W.

Reflectivities of the coupling mirror were measured with an Agilent Cary 5000 spectro-
photometer. This resulted in slightly different values than simulated, the measured values can
be seen in the picture 2.2 (more explanation in Section 2.2 and 2.3.1).
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2.2 Experimental Setup
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Figure 2.5: Schematics of the high power 2 µm experiment. The NPRO laser and the
neoVAN-4S-HP amplifier provided up to 70 W pump power at the wavelength of 1064 nm
(coloured blue: input light preparation) for the degenerate optical-parametric oscillator for
wavelength doubling (coloured green: wavelength doubling). To monitor the degeneracy (single
frequency), a small portion of the converted light was adapted to a concentric resonator whose
length was continuously altered (coloured purple: degeneracy monitoring). The relative power
noises were detected with photodiodes PD 2 and PD 3 and spectrally analyzed (coloured silver:
noise measurements). A beam profiler was used to measure a (99.2 ± 7.0) % ellipticity of the
converted beam.

The experimental setup is shown in Figure 2.5. Depicted in the blue box “input light prepara-
tion” is a first amplification stage that follows the same design as the laser system employed
in Advanced LIGO during the fourth observation run O4 [13]. A 2 W non‑planar ring oscillator
at 1064 nm, provided by Mephisto, served as the seed laser. Its light was sent through an
electro-optical modulator, which produced a phase modulation at 28 MHz required for Pound-
Drever-Hall locking of the resonator length. A Faraday isolator protected the seed laser from
back-reflections and back-scattering. The light was then amplified by a neoLASE model
neoVAN-4S-HP laser amplifier up to power levels between 5 and 75 watts [47]. A second
Faraday isolator shielded the amplifier from back-reflections. From the high‑power beam, a
small fraction was detected on a photodiode (PD 2) for relative power‑noise analysis, while the
remaining light was used to pump the non‑linear cavity.

Table 2.1: Main parameters of the degenerate optical parametric oscillator cavity.

1064 nm 2128 nm
Waist radius 31.5 44.9 µm
Finesse 31.0 9.2
Free spectral range 3.63 3.65 GHz
Linewidth (FWHM) 117 399 MHz
Coupler reflectivity 81.7 50.7 %
Power built-up 19.2 5.9
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In principle, the spatial mode quality of the pump beam can limit the mode matching to the
nonlinear cavity. However, the beam profile in this setup was sufficiently clean and did not
limit the coupling. If the beam quality is insufficient, a triangular cavity can be used as a mode
cleaner.

As described in Section 2.1.1, a self‑built nonlinear degenerate optical parametric oscillator
was used, containing a planoconcave, periodically poled (type 0) potassium titanyl phosphate
PPKTP crystal. One end of the resonator was formed by the highly reflective, curved end face
of the crystal, while the opposite end was AR-coated for both wavelengths. The resonator’s
coupling mirror had reflectivities of 81.7 % at 1064 nm and 50.7 % at 2128 nm. A detailed
discussion of these values is provided in Section 2.1.3. According to the performance‑data ma-
nuscript, the associated uncertainties are negligible [48]. An overview of the cavity parameters
is given in Table 2.1, while Figure 2.2 shows them in more detail.

To stabilize the length of the cavity on resonance, a Pound-Drever-Hall control scheme with
the sensor placed in cavity transmission was used (PD 1). A digital controller [45] produced
the actuator feedback signal for the piezo-mounted coupling mirror. The parametric process
converted the pump field into the idler and signal fields. Here, we achieved degeneracy of these
two fields by adjusting the temperatures of two separate regions of the nonlinear crystal [36].
We continuously monitored (PD 4) the degeneracy with a length-varied confocal cavity (length:
25 mm; mirror reflectivities: 90 %). As observed in our earlier 2128 nm experiment [23], the
degeneracy was an intrinsically stable operating point. Temperature drifts in the laboratory
prevented long‑term stable operation at degeneracy. A gentle mechanical impulse, however,
consistently returned the system to degeneracy, most likely by causing a slight reposition-
ing of the piezo. Separation of the 1064 nm and 2128 nm light was achieved with a dichroic
beam‑splitter. A small portion of the light was sent to a beam profiler (BP209-IR2/M by
Thorlabs) for measuring the ellipticity (min diameter divided by the max diameter) of the
converted beam, resulting in (99.2 ± 7.0) %, limited by the beam profilers beam diameter
uncertainty [49]. The relative power noise of the generated 2128 nm output field was meas-
ured with an extended InGaAs photo diode (PD 3; Thorlabs model FD05D) with custom
transimpedance amplifier, and evaluated with a signal analyzer by Stanford Research
Systems model SR785.

2.2.1 Pump‑Laser to Nonlinear‑Cavity Coupling‑Efficiency Measure-
ment

An important parameter is the overlap between the Gaussian mode of the pump field and the
resonator. Insufficient mode coupling (which we refer to as mode matching) causes scattered
light to be coupled into the laser path, potentially affecting measurements and damaging com-
ponents, especially at these high powers. In Figure 2.6 the best achieved mode matching of
the pump field to the nonlinear cavity is shown. A full scan over one free‑spectral range is
shown, including the fundamental TEM00 mode. The oscilloscope (Tektronix TDS 3014B)
limited the resolution, restricting the zoom between the two main modes. An automated mode
matching and finesse evaluation program has been used for evaluation. This tool was presented
in [40] and is called OpenQlab (openqlab.analysis.cavity.modematching) [50].

Measured values for the finesse are (25 ± 0.5) for the left peak and (35 ± 0.7) for the right
peak. The discrepancy is attributed to nonlinearities of the piezo actuator. Good agreement
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is observed between the measured finesse and the simulations presented in Section 2.1. A
coupling efficiency of (90 ± 2) % for the pump field into the cavity was achieved. Due to the
relatively low finesse of the cavity, modes can be obscured within the linewidth of the dominant
mode, and modes with significant amplitude may be concealed by background noise. These
two artifacts lead to an overestimation of the measured parameters. Furthermore, thermal
lensing effects can contribute to the limitation of coupling efficiency.
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Figure 2.6: Mode matching of the pumped field to the nonlinear cavity is essential for efficient
generation of the converted field. The figure shows a scan over one full free spectral range,
including the fundamental TEM00 resonance peaks on the left and right. A zoom into the region
between the two main resonances reveals several smaller higher‑order mode contributions,
which limits the achieved mode‑matching efficiency of (90 ± 2) %. A finesse of (25 ± 0.5)
is obtained for the left peak and (35 ± 0.7) for the right peak, yielding a mean value of
approximately 30. The discrepancy between the two finesse values arises from non‑linearities
in the piezo actuator during the scan.

2.2.2 Nonlinear‑Cavity Length‑Stabilization System
The cavity was actively stabilized on resonance using a Pound–Drever–Hall locking tech-
nique [37]. Figure 2.7 left panel shows a schematic of the stabilization system. An electro‑optic
modulator generates sidebands at a frequency of 28 MHz on the laser beam. In transmission
of the cavity, a photodiode with an integrated demodulation circuit extracts the error signal.
The digital controller [45] then sends a high‑voltage feedback signal to the piezo actuator of
the coupling mirror. A variety of digital filters can be applied to optimize the lock for high
bandwidth and low noise.

Figure 2.7 right panel shows the transfer function of the low‑power nonlinear cavity. Note that a
different coupling mirror was used for this measurement, while the same electronic components
were employed. The control bandwidth is limited by a piezo resonance at approximately 10 kHz.
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Chapter 2: High Power 2128 nm Laser

Figure 2.7: Left: Schematic stabilization setup. Right: Transfer function of the fre-
quency‑stabilization system of the high‑power cavity. The top panel shows the amplitude
response versus frequency, and the bottom panel shows the corresponding phase response.

I optimized the system for low‑noise performance, as shown in Figure 2.8. Therefore, the con-
verted light was sent to a photodiode, and the corresponding signal was recorded for different
filter configurations. The spectrum was recorded using a Stanford Research Systems
SR785 spectrum analyzer for both the unoptimized and optimized filter configurations, with
an average of 100 repetitions and a resolution bandwidth of 128 Hz. In the range between
0.5 kHz and 10 kHz, the main optimization was carried out, resulting in an improvement of
up to 5 dBV. Table 2.2.2 lists the filters employed in this configuration. The aim of this op-
timization step was to reduce the technical noise of the cavity‑length stabilization system,
as I intended to compare the amplitude noise of the converted and pump light. Since the
performance of the length‑stabilization loop can influence the noise properties of the conver-
ted field, improving the controller reduces technical noise contributions. However, the optim-
ized filter configuration made the stabilization system more sensitive to external disturbances.
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Figure 2.8: 2128 nm light spectrum for op-
timized and unoptimized filters.

Table 2.2: Comparison of unoptimized and
optimized filters.

Case Filters

Unoptimized

Integrator 1 kHz
Integrator 500 Hz
Differentiator 200 Hz
Lowpass 3 kHz
Gain 0.002

Optimized

Integrator 1 kHz
Integrator 30 kHz
Integrator 250 Hz
Lowpass 50 kHz
Gain 0.0005

40



Section 2.2: Setup

Intracavity intensities reach the gigawatt‑per‑centimeter range, producing strong thermal ef-
fects that modify the effective optical path length. This effect can destabilize the length‑control
loop and ultimately cause the cavity to fall out of resonance. Therefore, the cavity temper-
ature is monitored and stabilized to within ± 10 mK by a Peltier element. Despite this sta-
bilization, internally induced thermal effects still exceed this control range and degrade the
length‑stabilization performance of the high‑power setup, as discussed in Section 2.3.1.

2.2.3 Controlling the Degenerate State of the Nonlinear Cavity
Optical parametric oscillation produces a signal and idler wave field (λpump → λsignal + λidler).
The frequency of these produced light fields can be tuned by controlling the length of the cavity.
If both fields reach the same frequency we call them degenerate (λpump → 2 · λsignal/idler).
For this experiment, it was important to demonstrate that this state can be generated, as
interaction with other light fields, such as squeezed light, becomes easier when both fields
have exactly the same wavelength. We use a linear cavity to monitor degeneracy. Several
techniques to maintain or generate the degenerate state have been developed, and these are
explained in Appendix A.1.

Tuning the Degenerate State with Temperature
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Figure 2.9: The measured signal and idler wavelengths at different phase‑matching temper-
atures of the crystal are shown. At approximately (34.5 ± 0.35) °C, the degenerate state is
reached, while below this temperature the two fields remain spectrally distinct. Agreement
with the theoretical prediction is confirmed by an analytical fit.

Figure 2.9 shows the change from a non-degenerate state to a degenerate state as a func-
tion of temperature (with, T1 = T2 see Figure 2.2 for explanation). This indicates that by
tuning the temperature, the output wavelength of the signal and idler fields can be varied,
as measured with a Bruker Equinox 55 spectrometer with a resolution of 0.2 nm [51]. The
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wavelength shift is mainly caused by changes in the effective optical path length arising from
the temperature‑dependent refractive index of the crystal. In contrast, thermal expansion ef-
fects are considered negligible [52]. My measurement follows the theoretical behavior of the
temperature dependency near degeneracy, as evidenced by an analytical fit, ∆ω = η

√
T − T0,

where ∆ω is the frequency difference between both light fields and η is the system’s calibration
constant [53]. A degenerate state is reached at a temperature of (34.5 ± 0.35) °C, where the
temperature uncertainty is determined by the 1 % tolerance of the NTC thermistor [54].

Monitoring the Degenerate State During the Experiment

A confocal cavity with a reflectivity of R = 90 %, as shown in Figure 2.10(a), was used for
this purpose. The cavity was originally developed by Dr. Axel Schoenbeck [36], and I adapted
it for the present experiment. As displayed in Figure 2.10(b), the degenerate state exhibits
a characteristic mode pattern. The offset along the y‑axis is determined by the photodiode’s
dark voltage. In a confocal cavity, the even and odd higher‑order modes each overlap into their
respective resonance. Consequently, for one full free spectral range, two peaks appear: one
corresponding to the odd modes and one corresponding to the even modes.
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Figure 2.10: Left panel, Schematic drawing of a confocal cavity for monitoring the degenerate
state of the nonlinear cavity. Right panel, Degenerate operation of the OPO cavity is revealed
by mode matching observed with a length‑tuned confocal monitoring cavity.

Another advantage of this cavity is that monitoring the degeneracy does not require perfect
mode matching to the TEM00 Gaussian mode, which allows the confocal cavity to be posi-
tioned at a slight angle. This configuration prevents back‑reflections from the cavity without
the need for a Faraday isolator. In previous setups, such back‑reflections caused instabilities in
the nonlinear cavity.
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2.3 Results
The key findings are divided into two sections. Section 2.3.1 addresses the conversion efficiency
and its experimental results, while Section 2.3.2 examines the noise properties between the
pump and the converted laser light.

2.3.1 Conversion Efficiency
The conversion efficiency and the generated 2128 nm power as functions of the 1064 nm input
power are depicted in Figure 2.11. Measurements did not account for any losses, including
imperfect mode matching, reflection losses from the crystal’s anti-reflection coating, internal
absorption, or residual transmission through the crystal’s end surface coating. An analytical
fit was performed using Equation 2.1, yielding a threshold power of Ith = (9.73 ± 0.12) W
and a maximum conversion efficiency of (64.8 ± 0.5) %. At this point, approximately (32.5 ±
0.12) W of pump power was converted into (22.0 ± 0.8) W of output power. The highest
measured converted power was (29.0±0.9) W at an input pump power of (50.6±0.15) W. The
uncertainties in these measurements are primarily related to the 3 % relative measurement error
of our thermal power meter, as specified by the manufacturer Ophir (model 3A-QUAD) [55].
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Figure 2.11: The top image shows the power of the converted light, while the bottom figure
depicts the conversion efficiency, both as functions of the input power. An analytical fit is
represented by the orange line. Data points above 34 W input power were omitted from the
fit due to distortion of the error signal used for DOPO length control (see main text for
explanation).

Although the cavity was designed for a threshold of approximately 3 W, the measured value
was about 10 W. Two factors mainly contribute to this discrepancy: variations in the coupling-
mirror coatings and thermal effects. The latter include changes in the refractive index and
thermal lensing, which lead to variations in the effective nonlinearity. Both contributions,

43



Chapter 2: High Power 2128 nm Laser

namely variations in the coupling-mirror coatings and thermal effects, influence the cavity
properties, either directly or indirectly, leading to deviations from the original design.

I examined the coating of the coupling mirror using an Agilent Cary 5000 spectrophotometer
and measured reflectivities of 81.7 % at 1064 nm and 50.7 % at 2128 nm. According to the data
sheet, the uncertainties of the spectrophotometer are very small and therefore negligible [48].
This minor discrepancy of 1.7 % at 1064 nm and 0.7 % at 2128 nm between the simulated and
measured reflectivities does not account for the observed variation.

Simulating the measured scenario while using the effective nonlinearity deff as the only free
parameter, and applying the boundary conditions given by the measured reflectivities together
with the fitted threshold power, yields a value of 1.94 pm/V. This deviates significantly from the
value used to simulate the cavity, where 5.07 pm/V was assumed based on earlier experiments.
The discrepancy can be attributed to thermal changes in the cavity properties induced by
the higher pump power. Table 2.3 provides an overview of other reported effective nonlinear
coefficients.

Table 2.3: Effective nonlinear optical coefficient of PPKTP at around 2 µm.

Wavelength (nm) Threshold
power (W) |deff| (pm/V) Crystal Cavity Source

1984 0.35 6.43 PPKTP Bow-tie [8]
2128 0.15 5.07 PPKTP DOPO [11]

9.7 1.94 PPKTP DOPO this work

During the experiment, two effects were observed: First, as shown in Figure 2.12, the DOPO
error signal became more distorted as the pump power increased. This effect began at approx-
imately 30 W and made it impossible to stabilize the resonator length using our automated
length control system. Instead, we manually adjusted the feedback voltage to bring the DOPO
resonator into resonance. Second, the conversion efficiency declined more rapidly after the
point of maximum conversion than predicted by theory (see the gray data points in Figure
2.11). This behavior is likely caused by imperfect length control of the resonator, combined
with increased thermal load in the cavity. This could have led to the onset of thermal lensing,
resulting in decreased mode matching.

The influence of thermal effects is illustrated in Figure 2.12. By distinguishing between low
and high pump power levels, we compare these two cases in terms of the transmitted 1064 nm
power, the converted 2128 nm power, and the error signal.
Transmitted power: It can be observed that the resonator in ramp mode converts light

once the optimal length is reached, as indicated by a plateau of peaks. Depending on
the pump power, this occurs earlier at higher powers, since increased thermal load due to
absorption effects causes variations in the effective optical path length. These variations
are due to changes in the refractive index caused by temperature heating. Two lines are
drawn to highlight and compare the peaks within the plateau.

Converted power: In both cases, a gradient from left to right is observable. This effect can
be attributed to two phenomena, both of thermal origin. The first arises from absorption
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effects caused by high pump power, while the second results from external temperature
control used to adjust the cavity length. Both factors influence the resonator’s size and,
consequently, the ramping time of the external piezo actuator, leading to a deformed
shape of the resonator. More specifically, as the crystal expands due to thermal effects,
shifting the mirror in the direction of the crystal results in a shorter ramping time, and
vice versa. This phenomenon impacts the maximum monitored converted power because
the PHD technology is designed to stabilize in the error signal center, typically at the
middle of the converted peak. While this deformed shape has minimal effect at low
power levels, it becomes significant at higher powers. This effect, namely the thermal
Kerr effect, can be used to measure the absorption of materials as shown in [56, 57].

Error signal: The stabilization performance depends on the error signal, which is generated
through a demodulation stage in the photodiode; in other words, it corresponds to the
derivative of the intensity. The intensity is determined by the transmitted power through
the crystal, which is affected by thermal effects. These thermal effects can lead to an
insufficient or distorted error signal, thereby impacting the stability of the system.

Figure 2.12: The transmitted cavity peak of the pump power, the converted cavity peak,
and the error signal at low and high pump powers are presented. Pump depletion is evident
at low power, indicating effective frequency stabilization. At higher powers, degradation of
the cavity peaks is observed, along with broadening of the error signal, leading to insufficient
length stabilization. No saturation is observed on PD 1. The x-axis represents the normalized
scan position corresponding to cavity detuning, obtained by rescaling each scan to the interval
[0,1] and the y-axis shows the measured power.
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2.3.2 Relative Intensity Noise
In Figure 2.13, two (extended) InGaAs photodiodes (PD 2 for 1064 nm and PD 3 for 2128 nm)
simultaneously measure the relative intensity noise (RIN) of the input and output light beams
using a signal analyzer from Stanford Research Systems (model SR785). Electronic
dark noise was negligible and was not subtracted. Ground loops are responsible for the noise
peaks observed in the 1064 nm light, which we were unable to eliminate during our measure-
ment campaign. Below 100 Hz, the RIN of the converted light is significantly higher. This
increase is primarily due to electronic artifacts of the extended InGaAs photodiode [8] and
mechanical resonances, such as those from the mirror mounts, which couple into the RIN
of the DOPO via pointing fluctuations [58]. Above 100 Hz, the RIN are comparable between
the input and output, and above 3 kHz, it can be observed that the RIN of the converted
light is about 50 % higher. For the measurement shown, a pump power close to the maximum
conversion efficiency was used.
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Figure 2.13: (Top) RIN measurements of the pump laser beam (red) and the converted laser
beam (orange). The relative power noise at 2128 nm was generally slightly higher than that
of the input beam. Below 100 Hz this was due to detection noise from the extended InGaAs
photo diode (Thorlabs FD05D). At higher frequencies, we measured only slightly increased
relative noise (see Section 2.4 for explanation). (Bottom) RIN level of the converted beam
(black) normalized to the RIN of the input (blue).

As described in the next section, the noise level of the converted light depends on the power
of the input light field. Increasing the pump power would result in a similar or even reduced
noise level. Measuring a spectrum at high powers was not feasible due to difficulties with cavity
stabilization, as explained in Section 2.3.1.
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2.4 Coherent Noise Suppression in a High‑Efficiency
Wavelength‑Doubling Experiment

We realized a nearly 30 W laser at 2128 nm with noise characteristics similar to its pump source,
as discussed in Section 2.3.2. Importantly, we introduce a novel noise reduction technique
achieving up to 50 % attenuation of technical noise without additional equipment. This method
involves pumping above the optimal point of conversion, exploiting a previously unutilized
regime to intrinsically suppress noise. An experimental demonstration of this method, along
with the corresponding theoretical background, is described in this chapter.

2.4.1 Theoretical Model

Figure 2.14: The top figure illustrates the classical degenerate optical-parametric oscillator
cavity conversion curve based on Equation 2.1. The middle figure shows the conversion effi-
ciency as a function of the pump laser power, while the bottom figure depicts the derivative
of Equation 2.1, i.e., the slope. In other words, it represents the response δIout to fluctuations
in the pump laser power, δIin.

A simplified schematic representation of the observed effect is shown in Figure 2.14. The
purpose of this figure is to graphically relate the classical conversion theory to the three
regimes of intensity-fluctuation transfer discussed below. The first two images summarize the
classical theory, while the bottom image highlights the derivation of the conversion process
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according to the formula

F(Iin) = 2ηmax/
√

Iin
Ith

.

In this context, the derivative represents the response of the converted light as a function
of the pump light. It therefore quantifies the transfer of small pump-intensity fluctuations to
converted-light intensity fluctuations. Accordingly, three distinct regimes can be identified:

Weakly pumped: Amplification of the pump field fluctuations, such that δIin < δIout .

Optimally pumped: An identical transfer of the fluctuations.

Strongly pumped: Reduction of intensity fluctuations, such that δIin > δIout .

Referring to the three regions of the conversion efficiency, optimally pumped corresponds to
the point of highest conversion efficiency, weakly pumped lies below this point, and strongly
pumped is above it.

To understand the origin of laser noise suppression in a DOPO cavity at pump powers sig-
nificantly above the optical parametric oscillation threshold, we present a simple theoretical
model. A rigorous Hamiltonian treatment is provided in the published paper [34] and the Ap-
pendix A.2. The average output power, Iout, of a DOPO for Iin ≥ Ith is given by [41, 42] (which
is Equation 2.1):

Iout = ηIin = 4ηmaxIth

(√
Iin
Ith

− 1
)

.

We then consider a slight fluctuation δIin in the pump power, such that Iin = Iin + δIin, where
Iin ≫ δIin represents the average power. These fluctuations are transformed into variations
δIout of the converted signal power, given by Iout = Iout + δIout. By substituting this expression
into Equation 2.1, we can analyze the output power in terms of its average value and the noise
components:

Iout + δIout = 4ηmaxIth

√ Iin + δIin
Ith

− 1

 . (2.2)

Since the fluctuations are much smaller than the average power, i.e., δI ≪ I , we can linearize
Equation 2.2 by retaining only the terms linear in δIin,out,

δIout = 2δIinηmax

√
Ith
Iin

. (2.3)

Equation 2.3 shows that, as the pump power increases, the converted noise δIout decreases
relative to the pump noise δIin. At very high input powers, the suppression of these fluctu-
ations becomes so pronounced that the influence of quantum uncertainty becomes noticeable,
saturating at the shot noise level, as demonstrated in Appendix A.2. However, increasing noise
suppression according to Equation 2.3 leads to a decrease in the conversion efficiency, as de-
scribed by Equation 2.1, which in turn does not impacts the relative noise level. Since the RIN
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is independent of the absolute power level in the field, this metric allows us to compare noise
levels across different systems with varying powers.

RINout ≡
δIout

Iout
= δIin

2Iin

(
1 −

√
Ith
Iin

)−1

= RINin · N . (2.4)

We introduced the noise transfer factor N , which quantifies how noise is transferred from the
pump to the converted signal,

N = 1
2

(
1 −

√
Ith
Iin

)−1

. (2.5)

The equations above enable the expansion of the definition of the three operating regimes:

Weakly pumped oscillation, Iin ≥ Ith, where the noise transfer factor N increases signific-
antly above 1 as the threshold is approached (see Equation 2.5), resulting in a strong
amplification of the RIN on the converted field.

Optimally pumped oscillation, Iin ≈ 4Ith, where the conversion efficiency reaches its max-
imum (see Equation 2.1) and N ≈ 1; thus, the RIN of the pump and the converted field
are approximately identical.

Strongly pumped oscillation, Iin > 4Ith, where N < 1, leading to the suppression of the
RIN of the converted field. At very high pump powers, Iin ≫ Ith, the noise transfer
factor approaches N → 0.5, allowing for a maximum RIN suppression by a factor of
2. However, in this regime the conversion efficiency progressively decreases to very low
levels.

2.4.2 Experimental Setup
I experimentally tested our theoretical predictions in a DOPO setup, shown in Figure 2.15.
The continuous-wave pump laser was a 1064 nm NPRO. Its output beam passed through
an electro-optical modulator (EOM) for sideband generation at 28 MHz, facilitating PDH
length stabilization of the nonlinear resonator. A FI protected the NPRO from back reflections
and back scattering. A small portion of the pump light was tapped off and measured by a
photodiode (PD 2) for RIN analysis, while the remaining light was directed into the DOPO. The
degenerate optical-parametric oscillator cavity featured a half-monolithic (hemilithic) design
and was composed of a PPKTP crystal along with a separate coupling mirror, as detailed in the
schematic diagram 2.2, with different cavity parameters, optimized for low power operation.
A high‑reflectivity coating for both the pump and converted light fields was deposited on the
crystal’s curved end face, whereas the flat front face received an anti‑reflective coating for
both fields. As specified in the manufacturer’s data sheet, the coupling mirror had reflectivities
of 96 % at 1064 nm and 90 % at 2128 nm. Table 2.4 lists the detailed resonator parameters for
both wavelengths. To stabilize the length of the DOPO at resonance, we employed a modified
PDH control scheme in transmission (PD 1), with feedback applied to the piezo-mounted
coupling mirror with the help of a digital control circuit [45]. The wavelength-doubling process
involved a type 0 optical-parametric amplification in the nonlinear crystal, converting the pump
field into signal and idler fields. A degenerate state of the signal and idler was achieved by
controlling the temperature of two regions of the nonlinear crystal [36, 59] and was monitored
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Figure 2.15: A 1064 nm NPRO laser (blue box: input light preparation) pumped a degenerate
optical parametric oscillator to double the input wavelength to 2128 nm (green box: frequency
conversion). The relative intensity noise of both wavelengths was detected using amplified
photodiodes (InGaAs PD 2 and Ext-InGaAs PD 3, respectively) and measured with a signal
analyzer (gray boxes: noise measurement). To ensure operation in a degenerate state, the light’s
frequency mode content was monitored with a confocal cavity (violet box: mode diagnostic).

Table 2.4: Overview of the DOPO cavity parameters.

1064 2128 nm
waist radius 33.5 47.4 µm
finesse 153 59.5
free spectral range 3.80 3.83 GHz
linewidth (FWHM) 24.9 64.3 MHz
coupler reflectivity 96 90 %

with a linear confocal cavity (reflectivities of 90 %, PD 4). Using this setup, the DOPO reached
its threshold at a pump power of Ith = (23.6 ± 0.7) mW. A dichroic beam splitter (DBS)
separated the 1064 nm and 2128 nm beams after the cavity. The RIN of the converted light
was measured with a photodiode (PD 3, extended InGaAs, Thorlabs FD05D) equipped
with a custom transimpedance amplifier and analyzed using a signal analyzer from Stanford
Research Systems (model SR785).
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2.4.3 Results
The relative intensity noise measurements for various pump powers of both the pump and
converted light are shown in Figure 2.16. A spectral range was chosen that was free of spurious
lines and well above the photodiode dark noise for both wavelengths, spanning from 90 kHz to
100 kHz. However, noise transfer was observable across a broad frequency range determined by
the cavity linewidths of 24.9 MHz for 1064 nm and 64.3 MHz for 2128 nm. In the left column,
the pump power was reduced to just above threshold. Under these conditions, the RIN of the
converted field was significantly higher, reaching nearly 14 times the RIN of the pump field. For
the middle column, the pump power was chosen near the point of optimal conversion efficiency,
where Iin ≈ 4Ith ≈ 100 mW. As expected, the RIN levels of the 1064 nm and 2128 nm fields
matched closely in this regime. In the right column, the pump power was increased to more
than ten times the threshold level. At these higher pump powers, the RIN of the converted
light dropped below that of the pump light. In our setup, a maximum noise reduction of (25.1
± 1.8) % was achieved at a pump power of (275 ± 8) mW. The available pump‑laser power
of 2 W was not fully utilized, as the experiment focused on the operational range around the
maximum conversion efficiency and thus on the onset of noise suppression, as well as on the
steep slope at the lower‑power side. These features are the most critical for the analytical fit.

Figure 2.16: Top row: RIN measurements of the pump and converted beam for three different
pump powers (left, close to threshold Iin ≈ (25.1 ± 0.8) mW; middle, at the point of highest
conversion efficiency Iin ≈ (101±3) mW; right, strongly pumped Iin ≈ (275±8) mW). Bottom
row: Showing the noise transfer factor N for the pump and converted light fields. All traces
were root mean square averaged 40 times.

To determine the ratio between the RIN of the pump and the converted light over a broad
range of pump powers, the measurements were repeated, and the results are summarized in
Figure 2.17. The data are well described by the theoretical model for the noise-transfer factor
N from Equation 2.5. A red line indicates the theoretical limit of noise suppression, while a
horizontal blue line represents the noise level of the 1064 nm pump source. Below is a direct
comparison of the conversion efficiency in each region. The error bars of the measured values
are primarily dominated by the 3 % measurement uncertainty of the thermal power meter head
(Ophir model 3A‑QUAD) [55] specified by the manufacturer.
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Figure 2.17: Top image: Shown is the noise transmission factor at various pump powers
(orange points) in comparison with the theoretical model (black). At high pump powers, the
model approaches a suppression factor of two (red dotted line), with the experiment reaching
(25.1 ± 1.8) % at a pump power of (275 ± 8) mW. For reference, the RIN of the pump field
is also shown (blue). Bottom image: Displayed is the conversion efficiency η together with the
analytical fit from Equation 2.1, using threshold power and maximal conversion efficiency as
free fit parameters. The fit yields Ith = (23.6 ± 0.7) mW and ηmax = (68.74 ± 0.4) %.
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2.5 Conclusion and Outlook
A high-power light source was developed and characterized, capable of producing up to 29 W
of light at 2128 nm. This was achieved by utilizing an amplified 1064 nm Mephisto laser,
which was injected into a nonlinear cavity and converted via optical parametric oscillation to
2128 nm. Additionally, it was demonstrated that the nonlinear process influences the transfer
of coherent noise from the pump to the converted light field. This behavior can be exploited
to suppress noise over a broad frequency range by a factor of up to two, resulting in a noise
profile that is more coherent and cleaner than that of the pump source.

Using the scheme shown, the target of at least 20 W was successfully reached, along with
the required power for low frequency ET of a few watts [7]. Higher powers may be attainable
through optimization of the nonlinear cavity. One approach is to increase the beam waist
within the crystal, as demonstrated in [60], though this is limited by potential clipping inside
the resonator. Redesigning the cavity could offer further improvements but is constrained by
the maximum crystal size available from the manufacturer. An alternative improvement in-
volves reducing the cavity reflectivity further; however, this complicates mode separation and
may result in inefficient conversion or undesired converted modes.

Beyond this approach, several alternative technologies may be considered to achieve higher
output powers or improved performance at 2 µm. One possibility is to use laser systems based
on active gain media, such as holmium‑ or thulium‑doped crystalline materials, which are par-
ticularly suitable for emission wavelengths around 2090 nm due to their advantageous physical
properties.

A further strategy involves coherently combining multiple beams, either within an optical ring
resonator or at a beam splitter [61]. When implemented in conjunction with the presented and
optimized method, beam combining could enable the generation of substantially higher power
levels while retaining the advantages of well‑established and reliable 1064 nm laser systems.

In addition, fiber‑based systems offer another viable pathway toward high output powers, as
they can efficiently scale power by combining the methods described above. These systems
benefit from compactness and robust operation, although their intrinsic noise properties often
require additional stabilization and improvement.

Figure 2.18 provides an overview of high-power laser systems operating in the 2 µm wavelength
range. Appendix A.3 contains Table A.1, which presents the underlying data derived from this
figure and includes additional information such as the M2 parameter, with appropriate cita-
tions. The primary selection criteria for the systems displayed are continuous wave operation,
emission near 2 µm, and high output power. Factors such as noise characteristics were not
considered, as including them would exclude fiber-based systems or thin-disk lasers, which are
inherently noisier and typically require post-stabilization. Intrinsically stable systems like the
active gain medium and nonlinear conversion are particularly favored for future GWOs; other
systems, such as thin-disk laser, are also under investigation. It is acknowledged that the figure
may not be entirely comprehensive, and some sources may have been overlooked during the
research; the author has endeavored to include all relevant data to the best of his knowledge.

The next step in this project involves characterizing a light source with an output power of
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approximately 50 W to 100 W, with a particular emphasis on long-term operation. This entails
operating the laser continuously for several weeks to monitor potential crystal degradation, an
effect not observed in our short-term experiments. Furthermore, comprehensive assessments
of phase noise and beam quality (quantified by the M2 parameter) are essential.
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Figure 2.18: This figure provides an overview of high‑power laser systems operating around
a wavelength of 2 µm. The primary selection criteria were continuous‑wave operation, high
output power, and emission near 2 µm. Noise characteristics were not considered. The figure
distinguishes between fiber lasers (represented as triangles), and free‑space lasers, which are
further categorized into active gain medium (AGM, represented as circle), thin‑disk lasers (TDL,
represented as diamond), and nonlinear conversion (NLC, represented as square) systems.
Appendix A.3, Table A.1 lists the underlying data, including the M2 parameter and the source
for each data point. The number at each data point serves as an index for easier identification
in the table.

Demonstrating that the RIN can be reduced by up to a factor of two through the nonlinear
process of optical parametric oscillation opens a new pathway toward meeting the noise re-
quirements of next‑generation GWOs. In particular, further optimization of the well‑established
1064 nm laser sources, as described in [62], together with their conversion to 2128 nm while pre-
serving the intrinsic noise‑reduction capability, provides a promising strategy for achieving these
targets. This also highlights the next steps, in particular the development of even lower‑noise
1064 nm laser systems and the combination of such ultra‑low‑noise sources with frequency
conversion, demonstrating that exceptionally low noise levels can indeed be achieved.
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2128 nm Audio‑Band Squeezing and Its
Platforms

Figure 3.1: Schematic illustration of a GWO.

Squeezed states of light enhance
the sensitivity of gravitational‑wave
observatories [63, 64, 65] and
are therefore essential for their
operation. As discussed in the
previous chapters, detector con-
cepts at 2 µm offer several ad-
vantages and has became a prom-
ising option for future obser-
vatories. Consequently, generating
squeezed light at 2128 nm be-
comes a critical requirement if
such detectors are to be oper-
ated at this wavelength. In this
chapter, I demonstrate an au-
dio‑band squeezed‑light source at
2128 nm.

Several challenges had to be ad-
dressed along this path, as illus-
trated in the simplified diagram of
a gravitational‑wave observatory in Figure 3.1. Starting from the left, the demonstration of
7.2 dB squeezing in the high‑frequency measurement regime at 2128 nm was achieved by Chris-
tian Darsow‑Fromm and myself [11]. Georgia Mansell and Min Jet Yap previously demonstrated
audio-band squeezing at a wavelength of around 2 µm. From 400 Hz up to approximately 1 kHz,
they achieved about 2 dB of shot noise reduction. Beyond this range, up to approximately
80 kHz, the shot noise reduction increased to about 3.9 dB [8, 10]. These preliminary studies
motivated this work to detect squeezing in the audio-band at 2128 nm.

55



Chapter 3: Squeezed-Light Platforms

However, achieving this goal presents two challenges. The first challenge concerns the pho-
todetectors, whose quantum efficiency is currently insufficient [11, 8, 10], while their dark
noise becomes limiting in the lower audio-band [8, 10]. The second challenge concerns com-
mercially available auxiliary components required for squeezing experiments, such as Faraday
isolators, which still exhibit too high optical loss. These devices are essential for suppressing
back‑reflections and preventing parasitic interference, both of which are critical for coupling
squeezed light into gravitational‑wave detectors.

This chapter addresses these two challenges in order to ultimately enable the measurement of
squeezing, which forms the core of this chapter. The first section describes the investigation
of a low‑loss Faraday isolator constructed entirely from commercially available components.
During this work, I supervised a master’s student, M. Sc. Tobias Schoon, who assisted with the
measurements. The second section focuses on the analysis and optimization of photodiodes,
particularly regarding their quantum efficiency at lower frequencies; here, I was assisted by
M. Sc. Nils Sültmann, with whom I share first authorship on a publication about cooling
commercially available 2 µm photodiodes [66]. In the final section, I present the measurement
of squeezed light in the frequency range of 10 kHz to 20 kHz, with assistance from M. Sc.
Tobias Schoon.
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3.1 Characterization of Commercially Available Faraday
Isolator Components

Low-loss Faraday rotators are crucial components in GWOs, as they enable the coupling of
squeezed light and help mitigate back-scattered light through Faraday isolators. The key re-
quirements for these devices are low optical loss and a high isolation ratio.

Currently, there is limited knowledge about the performance of auxiliary optics operating at
this wavelength. In this work, I present the characterization of commercially available Faraday
isolators and the components required for their construction, as well as a self-assembled version
using the best performing components identified.

The chapter is divided into three parts: first, focusing on the Faraday rotator manufactured by
Faraday Photonics; second, on the characterization of a polarizing beam splitter produced
by Artifex; and finally, an analysis of a custom Faraday isolator assembled from components
supplied by Faraday Photonics and Artifex.

3.1.1 Faraday Rotator by Faraday Photonics
In this section, a low-loss Faraday Rotator (FR) from the company Faraday Photonics was
evaluated for various properties at a wavelength of 2128 nm. The analysis includes the trans-
mission characteristics, the crystal’s absorption spectrum, broadband AR coating performance,
and the polarization rotation.

Reflected beam

Reference beam Flip mirror

Figure 3.2: Experimental setup to measure the back-reflected light from the FR crystal’s
broadband AR-coating. The 2128 nm beam was sent through the FR, and the reflected light
was measured by a photodiode. Side reflections were suppressed using an iris.

The transmission of the Faraday Rotator was measured with a PD, yielding a value of
(97.6 ± 0.1) %. Laser‑power drift constituted the main source of uncertainty.

To understand the remaining 2.4 %, the quality of the AR coating was further analyzed. Fig-
ure 3.2 illustrates the experimental setup, where 2128 nm light was directed onto the FR at
a small angle of incidence (AOI). Reflected light from the AR coatings was detected by a
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photodiode. To ensure accurate results, the transmission through the Faraday Rotator was
maintained at its optimal level throughout the measurements. Since the beam was transmit-
ted through the crystal, it was reflected by both AR coatings; the main spot was identified
and selected via an iris. A reference measurement was performed directly in front of the FR
using a flip mirror. More precisely, flipping the high‑reflectivity‑coated mirror into the beam
path directed the light directly onto the photodiode.

Figure 3.3 presents the results of the broadband AR-coating characterization, showing the re-
flectivity of the coatings as a function of the AOI. Both sides of the crystal were characterized
individually. The brown dots represent the reflection from the front side (also called the first
side), and the violet crosses correspond to the back side. Resulting in (1.39 ± 0.06) % for the
front and (1.34 ± 0.06) % for the back, with no significant dependence on the AOI observed
for either side. The primary sources of uncertainty in these measurements are the 0.06 % in-
tensity fluctuations measured by the photodiode and the 0.25 ° adjustment of the angle.

Angle of incidence (°)

Figure 3.3: Reflection of the AR-coatings as a function of the AOI. The violet crosses represent
measurements of the front coating of the crystal, while the brown dots correspond to the back
coating. Reflectivity values of (1.39 ± 0.06) % and (1.34 ± 0.06) % were obtained for the front
and back sides, respectively. The lines show the average values derived from the measurements.
Measurement inaccuracies are omitted to preserve the visualization clarity of the results.

Combining these values indicates that the primary source of optical loss is the AR-coating,
which is likely optimized for a broader wavelength band. Tailoring the coating specifically
to the wavelength used can significantly improve transmission, potentially achieving a high-
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transmission Faraday Rotator with >99 % efficiency.

I investigated the polarization rotation of the light field as it passes through the Faraday Rotator.
The optimal single-pass rotation angle is 45 °. To verify this, we employed the experimental
setup shown in Figure 3.4.

Figure 3.4: Schematic setup for measuring the polarization rotation caused by the FR. The s-
polarized light is divided into p- and s-polarization components by a PBS after passing through
a λ/2-waveplate and the FR. A photodiode measures the transmitted light (p-polarization),
while a beam dump absorbs the reflected light (s-polarization).

S-polarized light was sent through a λ/2-waveplate and the FR before being split by the polariz-
ing beam splitter. The intensity of the transmitted light was measured both with and without
the FR, as a function of the polarization rotation introduced by the λ/2-waveplate. This meas-
urement was performed at wavelengths of 2128 nm and 1550 nm to assess the rotation angle
and examine how it varies across different wavelengths.

40 80 120 1600

(a) (b)
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Wavelength: 2128 nm Wavelength: 1550 nm
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Figure 3.5: Orange dots were recorded with the FR in the optical path, while the blue dots
correspond to measurements without the FR. The maximum transmitted powers and rotation
angles were determined by fitting a cos 2 function. (a) shows the results at 2128 nm, and (b)
at 1550 nm. For 2128 nm, the rotation angle diverges only slightly from the ideal 45 ° rotation.
Measurement inaccuracies in the angle of ± 0.2 ° are too small to be visible in the image, while
the intensity is dominated by the photodiode noise level, with an uncertainty of ± 2 mV.

Figure 3.5 presents the results of the polarization measurement, where the measured intensity
is plotted against the waveplate rotation angle. The maximum intensity I0 was extracted by
fitting the data with the theoretical model:

I(θ) = I0 · cos(θ − θ0)2 + Ioffset,
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with θ denotes the waveplate angle, θ0 is the rotation induced by the FR, and Ioffset accounts
for the photodiode’s dark‑voltage offset. At 2128 nm, the FR rotated the polarization of the
light field by approximately (42.0 ± 0.2) °, and at 1550 nm by about (89.7 ± 0.2) °. In both
measurements, the main source of uncertainty was the precision with which the waveplate
angle could be set.

If a 42 ° rotation is applied to the Faraday isolator used for coupling squeezed light into a
gravitational-wave observatory, as shown in Figure 3.1, the light passes through the isolator
twice. This results in an additional loss of 1.1 %, which can be reduced by carefully optimiz-
ing either the magnetic field B or the material thickness d , as described by the theoretical
model [67]

θ0 = d · B · V . (3.1)

The Verdet constant V could not be determined due to the difficulty in measuring the mag-
netic field, as the FR’s metallic casing likely affects the magnetic flux.

Note that the material used for the Faraday Rotator is a company secret and was not disclosed
to us.

3.1.2 Polarizing Beam Splitter by Artifex
In this chapter, I present my evaluation of various features of a PBS from the company Arti-
fex Engineering at a wavelength of 2128 nm. A schematic drawing of the two experimental
setups is shown in Figure 3.6.

Figure 3.6: A simplified schematic illustrating two experimental setups. The first investigates
the PBS transitivity and internal reflectivity using PD 1 and PD 2 for analysis, with a λ/2

waveplate to separate the two signals. In the second setup, the AR coating was examined by
reflecting light at a small incident angle onto the coating and detecting the back‑reflected
light at PD 3, with an iris used to filter out the strongest reflections. For both setups, a power
meter (PM) recorded the reference intensity, calibrated to the corresponding photodiode.

Initially, the splitting ratio was analyzed by passing light through a λ/2-waveplate and directing
it onto the PBS. The transmitted light was detected with PD 1, as was the internal reflected
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light with PD 2. A power meter was used to measure the incident power, which was calib-
rated to PD 1. This measurement was performed for several PBS units. The results showed
a transmission range of approximately (95.0 ± 0.5) % to (97.0 ± 0.5) %, and a reflection
range of about (97.0 ± 0.5) % to (99.0 ± 0.5) %. Measurement uncertainties mainly stem
from the calibration uncertainty of the power meter [55]. All tested PBS units satisfied the
manufacturer’s specifications. The minor absorption observed could be due to broadband AR
coatings, material absorption, or the cement used between the layers in the MacNeille PBS
design.

Characterizing the AR-coating was the focus of the second measurement. For this, the same
setup as shown in Figure 3.6 was used, with the key difference being the increased distance
between the light source and the PBS. This was done to achieve a separable back reflection
at a very small angle. The transmission was maintained at its maximum by adjusting the
waveplate in front of the PBS. Identifying the most intense back reflection as the main source,
other reflections were blocked with an iris. Two brighter reflections were observed, one from
the front surface and one from the back surface of the PBS, as well as several extremely
suppressed reflections with poor beam profiles, likely originating from the cement layer. PD 3
was used to quantify the intensity of the back-scattered light, and a power meter measured
the incident beam power to serve as a reference. Calibration with the photodiode allowed the
power meter to translate power measurements into voltage readings.

The ratio of the transmitted and reflected beams was then calculated, resulting in approxim-
ately (0.032 ± 0.020) % of the incident light being reflected by the AR-coating. According to
the data sheet, the material used for the PBS is H-FK61, which has an absorption coefficient
of approximately 0.10005 %

cm [68]; based on this, the resulting absorption is estimated to be
around 0.15 %. Additionally, NOA 61, a commonly used cement material, has an estimated
absorption of about 5 % per typical layer thickness at 2128 nm [69].

3.1.3 Composed Faraday Isolator
An analysis of the individual components of a Faraday Isolator was conducted. The next step
is to assemble these components and evaluate the overall performance of the FI. Figure 3.7
illustrates the detailed design of the custom setup. The design consists of four main parts:

PBS holder: Contains the PBS housed within a cylindrical device made of polyvinyl chloride
(PVC). The PBS is fixed with screws and features a hole for measuring the intensity at
all output ports.

PBS holder adapter: A metal ring that connects the PBS holder to the FR holder. Screws
allow the PBS holder to be freely rotated and secured in any desired position.

FR holder: A cylindrical tube into which the Faraday Rotator is inserted and fixed with a
screw. Note: The FR does not have a preferred light direction.

Foot: Made of a plastic plate that can be clamped to a table. The FR is placed into a U-
shaped recess and secured with a yoke, allowing independent adjustment of the FR and
PBS positions.
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Figure 3.7: CAD model of the FI optical design. The design is divided into four sections: the
PBS holder, the PBS holder adapter, the FR holder, and the foot. Optimizing the setup is
achieved by rotating the PBS and FR holders.

Table 3.1 presents the measured transmission efficiencies of the handmade Faraday Isolator.

Table 3.1: Transmission efficiencies of the custom FI, assembled with a Faraday Rotator
from Faraday Photonics and PBS from Artifex. Each component was characterized
individually, selecting the best PBSs available. Subsequently, the overall transmission loss
of the FI was measured. Discrepancies between the product of individual efficiencies and
the total transmission were observed and can be attributed to coupling losses and possible
internal clipping. Maximum transmission was prioritized during setup optimization, rather than
suppression of back-reflections.

Component Efficiency (%)
Incoupling PBS 98.0 ± 0.5
Faraday Rotator 97.6 ± 0.5
Outcoupling PBS 96.2 ± 0.5
Total efficiency as product of components 92.0 ± 0.8
Measured total transmission 88.9 ± 1.3

The incoupling PBS exhibited an efficiency of (98.0 ± 0.5) % and the outcoupling PBS showed
an efficiency of (96.2 ± 0.7) %. From our order batch, we selected the two best-performing
PBS units. The Faraday Rotator achieved an efficiency of (97.6 ± 0.5) %, resulting in a total
calculated efficiency of (92.0 ± 0.8) %. All uncertainties stem from measurement inaccuracies
in the intensity readings.

After assembling and testing these components, the overall system efficiency was measured to
be (88.9 ± 1.3) %, with losses likely due to coupling inefficiencies and possible internal clipping.

Back-reflected light coupling through the FI was suppressed to (0.053 ± 0.003) %, corres-
ponding to approximately (32.8 ± 0.3) dB of isolation. Improving the polarization rotation of
the FR could enhance the suppression further, but this would come at the cost of reduced
transmission.

3.1.4 Conclusion and Outlook
Using squeezed light in gravitational-wave detectors makes the development of low-loss output
Faraday isolators increasingly essential. Future detectors may operate at a wavelength of 2 µm,
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but optical components with excellent properties at this wavelength have seen limited devel-
opment. In this context, commercially available Faraday rotators and polarizing beam splitters
were examined for their performance at 2128 nm.

Faraday Photonics’ Faraday rotator exhibits a transmission of (97.6 ± 0.1) % in its cur-
rent configuration. Losses are mainly attributed to a broadband anti-reflective coating, which
could be nearly eliminated by optimizing it for the specific wavelength used. This device im-
parts a polarization rotation of (42.0 ± 0.2) ° on the incident light, which could introduce
approximately 1.1 % additional losses in a gravitational-wave observatory. The rotation angle
can be improved by modifying the magnetic field, thus reducing related losses.

Artifex Engineering’s PBS features an exceptionally effective AR coating, resulting in
minimal losses due to the low material absorption of H-FK61 at 2128 nm. Replacing the current
cemented PBS with an optically contacted one is expected to achieve near-lossless perform-
ance.

A custom FI housing was designed and built using the characterized components. This con-
figuration achieved a transmission of (88.92 ± 1.30) % and an isolation of approximately
(32.8 ± 0.3) dB against back-scattered light.

Table 3.2 compares this custom FI to available models from various manufacturers. The inform-
ation was obtained from manufacturer websites and should be regarded as guidelines rather
than confirmed performance values [70, 71, 72].

Table 3.2: Comparison of performance between commercial and self-built Faraday isolators.

Wavelength (nm) Transmitted power (%) Isolation (dB)
Thorlabs 2000 - 2100 89 23
Agiltron 1310 - 2000 90 35
Coherent 1900 - 2100 94 33
This work 2128 88.92 ± 1.3 32.8 ± 0.3

As shown, the performance of the currently built FI falls within the mid-range of commercially
available solutions. However, it can be readily optimized to outperform existing products.

For use in a gravitational-wave observatory, the total transmission loss must be minimized,
with current versions achieving less than 1 % loss [73]. The issues discussed earlier can be
addressed with current technologies, potentially leading to an almost lossless FI; making it
suitable for application in a GWO.
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3.2 Investigation of Photodiodes
In the field of quantum technologies, encompassing quantum sensing, quantum communication,
and quantum computing, high‑quality detectors are essential for the reliable operation of
quantum networks. Two key limitations of such detectors are insufficient detection efficiency
and excessive dark current, the latter arising from thermally generated electrons entering the
conduction band and thereby producing spurious counts that mimic true photon detection
events. To characterize these effects, we distinguish between the quantum efficiency, ηQE,
which includes contributions from the photodiode’s dark noise, and the detection efficiency,
ηDE, which excludes dark noise contributions, as introduced in Equation 1.54 and 1.55. For
convenience, they are also listed here:

ηDE = Utot − Udark
Uperf

,

ηQE = Utot − Udark
Uperf + Udark

,

Photodiode manufacturers are primarily concerned with detection efficiency, since the impact
of dark noise depends on external factors such as the optical power used and the noise char-
acteristics of the transimpedance amplifier. For users of quantum technologies, however, the
quantum efficiency of the entire detection system is more relevant. For example, if the dark cur-
rent equals the photocurrent, even under perfect detection conditions the quantum efficiency
is limited to 50 %. This parameter is irrelevant for standard applications such as monitoring
photodiodes. In these cases, a lower QE is sufficient, as long as it stays within a moderate
range.

Photodiode Room‑Temperature Investigations

Investigating photodiode performance at 2 µm is particularly important, as the widely used
detector material extended InGaAs typically exhibits lower detection efficiency and higher dark
noise at this wavelength. We therefore begin by characterising multiple photodiode models at
room temperature by measuring their quantum efficiency, using the setup shown in Figure 3.8.

Since both the photodiode response and, in particular, the dark current depend on the applied
reverse bias, we set and continuously monitored this parameter throughout all measurements.
The depletion region lies within the intrinsic layer (see Chapter 1.4.1) and depends on the
applied voltage. This influences the photodiode’s capacitance, resistance, and dark‑current
behaviour [74]. A schematic diagram of the setup is shown on the left-hand side. To set the
photodiode to the desired bias voltage, an external voltage source (GPS‑3303 by GW In-
stek) was used, and the applied voltage was verified with a voltmeter (UT804 by UNI-T).
The corresponding photocurrent was measured with an ammeter (UT804 by UNI-T).

A photograph of the experimental setup is displayed on the right-hand side. Using a mirror
and a focusing lens, the 2128 nm laser beam was directed onto each photodiode. The lens was
subsequently adjusted to reach the photocurrent’s saturation plateau, ensuring a reproducible
operating condition for every device. In other words, the laser focus was always adjusted to
ensure that the maximum amount of light was directed onto the photodiode. Optical power
measurements were performed by redirecting the beam to a power meter (Ophir model 3A-
QUAD) via a flip mirror.
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Figure 3.8: Shown on the left is a schematic representation of the setup used for determining
the quantum efficiency, while the right side displays a photograph of the actual arrangement.
The reverse bias of the photodiode was adjusted with a power supply, verified using a voltmeter,
and the resulting photocurrent was recorded with an ammeter.

The maximum measurable number of photoelectrons was estimated by first measuring the
input power and converting it into the corresponding photon flux N . Assuming a given quantum
efficiency, this photon flux yields the number of electrons generated per second. The conversion
was performed using

N = Pλ

hc ,

where P denotes the measured optical power, λ the operation wavelength, h Planck’s constant,
and c the speed of light. The resulting value was then inserted into Equation 1.55, together
with the measured photovoltage, in order to determine the quantum efficiency. Figure 3.9
shows the quantum efficiency as a function of bias voltage for multiple photodiode models
intended for use at wavelengths close to 2128 nm. The investigated photodiode models in-
clude FD05D, shown as diamonds, and FD10D, shown as squares, both sold by Thorlabs.
G12183, represented by circles, is manufactured by Hamamatsu, while IG26H and IG22X,
indicated by downward‑ and upward‑pointing triangles respectively, were produced by Laser
Components. Data points shown as stars correspond to an FD05D measured once with a
protective window (light‑blue stars) and once without it (dark‑blue stars). This comparison
allows the transmission of the window at 2128 nm to be quantified and reveals an additional
loss of approximately 3 %.

Bias voltages were applied only up to the maximum values recommended in the respective data-
sheets [75]. All models employ extended InGaAs as the semiconductor material. A substantial
variation in quantum efficiency appears both across different models and within the same
model series, likely arising from manufacturer‑specific doping processes and batch‑to‑batch
variations inherent to semiconductor growth. Two photodiodes with particularly high perform-
ance, reaching quantum efficiencies of around 90 %, were identified. The accuracy of the data
is limited by the 3 % uncertainty of the power meter measurement [55].
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Figure 3.9: This figure presents the quantum efficiency as a function of bias voltage for
several photodiode models. Each model is represented by a distinct symbol: FD05D by a
diamond, G12183 by a circle, FD10D by a square, IG26H by a downward‑pointing triangle,
and IG22X by an upward‑pointing triangle. Particular attention should be given to the star
symbol, which compares an FD05D with and without its protective window and indicates
a loss of approximately 3 %. The quantum efficiency varies significantly across the different
models and shows no clear dependence on the applied bias voltage. Two photodiodes with
exceptionally good performance were identified; however, one of them broke during the course
of the measurements. Data are displayed only within the bias‑voltage range recommended by
the manufacturer, as operation above this threshold led to an avalanche‑like response, which
was not investigated in greater detail.

Two additional measurements were carried out to determine whether the quantum efficiency is
limited by the semiconductor material itself or by the coating applied to it. The first measure-
ment examined the QE as a function of the laser AOI, shown in Figure 3.10(a). The second
measurement investigated the reflectivity of the semiconductor’s anti‑reflection (AR) coating
as a function of AOI, shown in Figure 3.10(b). Both measurements were performed without
the photodiode’s protective window.

The QE was determined using the procedure described above, and its accuracy is primarily
limited by the 3 % power‑measurement uncertainty. For analytical and empirical fitting, a
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Tschebyscheff‑type function was used, as it provides a flexible peak‑shaped profile with inde-
pendently adjustable amplitude and width. This functional form offered a stable and accurate
empirical fit to the measured data, without implying any physical model. The equation is given
as

F(x) = a√
1 + b2 · ((x/c)2 − 1)2

,

where a controls the amplitude of the function and b characterizes its width, describing how
quickly the QE decreases with the angle. In this expression, parameter c denotes the optimal
angle of incidence and was determined to be (35.9 ± 0.2) °. The reflected power exhibits
substantial variation but shows a weak trend toward higher values at larger AOI. On average,
approximately (0.85 ± 0.4) % of the light is reflected.

(a) (b)

Figure 3.10: This figure displays (a) the quantum efficiency and (b) the reflectivity of the
semiconductor’s anti‑reflection coating as functions of the laser’s angle of incidence. An optimal
angle of approximately (35.9 ± 0.2) ° was identified and provides an increased QE while
maintaining nearly constant reflected power. Note that the measurement was done without
the photodiode window.

This characterization shows that the model FD05D by Thorlabs is the most suitable can-
didate, as it exhibits the highest measured QE over a wide range of reverse bias voltages. Two
additional optimizations are the removal of the protective window and operating the photodi-
ode at the optimal angle of incidence. One further approach is to reuse the light reflected from
the photodiode at the chosen angle of incidence by placing a retroreflector behind the device.
When positioned appropriately, the curved mirror redirects the reflected beam back onto the
active area of the photodiode, allowing the previously lost light to be measured once more, as
demonstrated in [76, 77].

3.2.1 Exploratory Study on Photodiode Cooling
Low‑frequency shot‑noise reduction measurements in the experiment conducted by G. Mansell
and M. J. Yap were limited by the dark noise of the photodiodes [10, 8]. Cooling provides
a promising approach to mitigating this limitation and is therefore examined in the following
chapter. A reduction in dark noise with decreasing temperature is expected and well under-
stood, as dark noise primarily originates from thermal excitation [78]. Thermal generation of
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charge carriers leads to a finite probability of overcoming the bandgap between the valence and
conduction bands, even in the absence of incident light. For InGaAs photodiodes, an additional
consideration is the temperature dependence of the bandgap; as the temperature decreases,
the bandgap typically widens, which can lead to a substantial reduction in photoelectric re-
sponse below a wavelength‑dependent threshold temperature [74].

In light of these temperature‑dependent effects, a preliminary study was carried out to obtain
rapid insight into the behavior of the photodiodes under lower temperatures, followed by a
more detailed and comprehensive investigation.

A schematic of the experiment is provided in Figure 3.11(a); a photograph of the setup, con-
sisting of a Thorlabs FD05D photodiode and a custom electronic evaluation board, is shown
in Figure 3.11(b). The purpose of the experiment was to rapidly assess the dark‑noise behavior
of the photodiode as a function of frequency in two temperature regimes: room temperature
and liquid‑nitrogen temperatures, necessitating the use of a liquid‑nitrogen tank. A reference
measurement of the total noise of the photodiode was taken at room temperature before cool-
ing (orange trace) and after cooling (violet trace). To cool the photodiode, it was immersed
in liquid nitrogen for 10 minutes (blue trace). A shielded cable was used to connect the cold
photodiode to the electronic evaluation board. This board, which was designed in‑house by
M. Sc. M. Schröder, includes a variable bias voltage set to 1.5 V and a transimpedance ampli-
fier (AD797 with a 2 kΩ feedback resistor). Before analyzing the signal with a signal analyzer
from Stanford Research Systems (model SR785), the signal was amplified using an
AD797 with a gain of 100 and high-pass filtered at 100 Hz. The overall design was optimized
for low-frequency operation.

Liquid nitrogen tankEvaluation board

Shielded cable 
to the photodiode

Signal cable to 
signal analyzer

Signal analyzer

Evaluation board

Liquid nitrogen 
tank

PD

(a) (b)

Figure 3.11: (a) Schematic of the preliminary study investigating dark‑noise reduction of the
photodiode by cooling it with liquid nitrogen. (b) Photograph of the experimental setup using
the FD05D photodiode (Thorlabs). A custom electronic evaluation board converted the
photodiode current into a voltage and forwarded it to the signal analyzer for spectral analysis.

Figure 3.12 presents the results. Dark noise was measured from the electrical board without
a photodiode, using a 10 pF capacitor to emulate the photodiode (black trace). This total
circuit noise, NCircuit, was then simulated (dashed gray trace) based on Equation 14.26 from
”Photonic Devices” by Jia-Ming Liu [79], as illustrated by Equation 3.2. In this equation, h
and kB are the Planck and Boltzmann constants, respectively; B is the system bandwidth (set
to 1, as the bandwidth is not a limiting factor); f is the frequency; and T is the temperature.
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Figure 3.12: Spectral density of the dark-current noise as a function of frequency,
showing dark‑noise measurements of the 2 µm photodiode FD05D from Thorlabs.
Room‑temperature measurements are shown in orange and violet, taken before and after cool-
ing with liquid nitrogen, respectively. In blue, the trace corresponds to the photodiode cooled
to liquid‑nitrogen temperature. The dark noise of the electronic evaluation board was recorded
separately using a simulated photodiode input with 10 pF capacitance (black trace); see main
text for a discussion of the low‑frequency features. Comparison with theoretical models shows
good agreement, with the pink dashed line representing pink noise and the gray dashed line
indicating the circuit noise. Note that the RBW was set to 30 Hz and the VBW to 10 Hz, and
the data were averaged.

The corresponding noise terms are defined as

NResistor =
√

B · 4 · h · f
R · exp( h·f

kB ·T ) − 1
, (3.2)

NCircuit =
√

N2
Resistor + N2

Opamp. (3.3)

Based on the current‑noise specifications given in the AD797 datasheet and considering the
operating conditions of the circuit, the operational‑amplifier noise contribution in the setup
was estimated to be NOpamp = 1.6 pA√

Hz [80]. Since the measured noise at low frequencies
exhibits a 1/f‑like behavior, the photodiode noise was modeled using the basic expression for
pink noise given in Equation 1.51. The corresponding power spectral density was converted
into an amplitude spectral density and extended by additional fitting parameters to account
for experimental deviations:

F(f ) = a√
f

+ y0, (3.4)
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where a represents a scaling factor determining the strength of the noise contribution and
was found to be 0.24 nA, and y0 accounts for a constant background noise floor, with a value
of 1.5 pA√

Hz . The simulation confirms that the photodiode noise follows pink‑noise behavior.
Moreover, the results clearly show that cooling significantly reduces this noise contribution.
Low-frequency oscillations in the dark noise can be attributed to the behavior of the oper-
ational amplifier. These oscillations could have been minimized by optimizing the capacitor
across the feedback resistor; however, this was not implemented to preserve a direct compar-
ison between the simulated dark noise and the cooled photodiode.

Reheating the photodiode revealed that it withstands cooling without damage, as evidenced
by its return to initial noise levels. This suggests that operating outside the temperature range
specified in the datasheet [75] does not necessarily harm the photodiode. Furthermore, the
photodiode’s response to 2128 nm wavelength was tested; it was integrated into a laser setup
and exposed to light at this wavelength, resulting in a measurable response.

3.2.2 In‑Depth Investigations into Photodiode Cooling
In the previous chapter, preliminary investigations into the cooling of photodiodes were con-
ducted using a simplified experimental setup. The present chapter provides a more detailed
analysis of the photodiode’s performance under controlled cooling conditions, with particular
emphasis on its detection efficiency. To this end, we employ a cryostat system capable of
reaching significantly lower temperatures while allowing precise temperature monitoring.

Shown in Figure 3.13(a) is the experimental setup used for these measurements. A custom‑built
closed‑cycle 3He cryostat, equipped with a pulse‑tube pre‑cooling stage and an integrated di-
lution refrigeration unit (manufactured by Entropy), serves as the core cooling apparatus.
The experimental chamber is mechanically decoupled from the cryostat and mounted on an
optical table. This mechanical isolation substantially reduces the transfer of vibrational noise
from the cooling system, thereby preventing disturbances of the optical alignment and ensuring
stable measurement conditions.

Light from a 2128 nm laser source [23], located in another laboratory, was delivered via a 20 m
fibre to the cryostat and directed onto a Thorlabs FD05D photodiode. The photodiode win-
dow was removed since it introduces an additional approximately 3 % loss due to the broadband
anti-reflective coating. Nonetheless, approximately 0.8 % reflectivity of the semiconductor sur-
face remains, as discussed in the previous chapter. Long-term stability of the laser power was
verified through long-duration measurements of the photodiode signal at room temperature,
which remained stable over several days. The laser beam was coupled into the cryostat in
free space through an optical viewport featuring anti‑reflective‑coated windows and a clear
aperture of 10 mm. Three layers of thermal shielding, each with an anti-reflective coating
window, provided protection from thermal radiation. The photodiode was mounted in a cop-
per holder to ensure good thermal contact, as shown in the zoomed-in image in Figure 3.13(b).

A Cernox sensor from Lakeshore was installed as close as possible to the photodiode and
used to measure the temperature throughout a complete cooling cycle. This is shown in the
lower left corner of Figure 3.13(a) (blue indicates cooling, and red indicates heating). During
this measurement, the cryostat did not have an active heating system, which accounts for the
extended heating period.
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Figure 3.13: (a) 2128 nm light was sent to a Thorlabs FD05D photodiode, which was
placed inside the cryostat. An automatic alignment system was implemented to ensure that the
optical signal on the photodiode remained stable despite mechanical shifts caused by thermal
expansion. The temperature sensor was installed as close as possible to the photodiode, i.e.,
directly on the mounting frame, as shown in the picture (b). DAQ: data acquisition system as
data card by Advantech model PCIe-1840L. Together with N. Södermann, this figure was
produced for our publication.

The custom transimpedance amplifier (gain of 300 kV
A ) was housed outside the cryostat. Due to

this high gain, the detector’s dark noise was significantly higher than other noise sources. Con-
sequently, the incident laser power was reduced to approximately (100 ± 20) µW. To ensure
that the laser’s heat load did not influence the measurements, we monitored the system for
heating effects by analyzing the time-resolved behavior at the wavelength cutoff point of the
photodiode’s response (where the gradient is highest). At this point, the photodiode becomes
less sensitive to 2128 nm light because the band‑gap increases with decreasing temperature,
shifting the detectable wavelength range toward shorter wavelengths.

Photocurrent stability was strongly affected by misalignment, primarily caused by movement
of the photodiode mount inside the cryostat due to thermal expansion. To counteract this, an
automated alignment system was installed. It employed a feedback loop between the measured
signal of the photodiode and a steered mirror. Alignment was optimized using a gradient
descent algorithm with momentum [81]. The algorithm steered the mirror every five minutes
during periods when no data was being collected, aiming to maximize the power on the
photodiode. This was achieved by iteratively evaluating the change in the photodiode response
and adjusting the mirror position based on the improvement relative to earlier measurements.

3.2.3 Results
Dark‑Noise and Detection‑Efficiency Investigations

Figure 3.14 shows the measured dark noise power spectral densities of the photodiode at room
temperature and three progressively lower temperatures. The lowest noise levels were already
achieved near 180 K, with a reduction of more than 15 dB. At temperatures below this, the
dark noise did not decrease further, likely due to the dark noise of the room-temperature
transimpedance amplifier stage. The noise power of our data acquisition system (dashed line)
was approximately 5 dB below the lowest measured dark noise level of the system. Our dark
noise spectra display several peaks, which we attribute to a ground loop in the mains and to
the temperature data recording.
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Figure 3.14: Detector dark noise power spectral density in the frequency range of 1 Hz to
100 Hz at various temperatures, normalized to the value at room temperature. This frequency
range was chosen because it is relevant for gravitational-wave detection; the effects at higher
frequencies (100 Hz to 20 kHz) were discussed in the pilot studies (see Figure 3.11). As the
temperature decreases, the detector dark noise significantly diminishes, reaching a minimum
around 180 K. This limit is most likely imposed by the noise of the transimpedance amplifier
stage.

We calculated the relative detection efficiency ∆ηDE, for all temperatures during the full cycle
and normalized them to the room temperature value according to Equation 1.54:

∆ηDE = η(T )DE
η(293 K)DE

= U(T )tot − Udark(T )
U(293 K)tot − Udark(293 K) ,

assuming constant laser power. The data were split into cooling (blue dots) and warming
(red dots) phases, as shown in Figure 3.15. Both phases exhibit similar patterns, with minor
variations attributed to the measurement inaccuracy arising from light power fluctuations.

Below 10 K, the quantum efficiency drops to approximately 40 % compared to room temper-
ature. A sharp decline below a characteristic temperature (around 50 K) is well-known and
is generally attributed to an enlarged band gap [82, 83]. Additionally, cooling from room
temperature down to 125 K results in a quasi-monotonic decrease in quantum efficiency of
roughly 30 %. Below 125 K, the temperature dependence can be empirically described by an
exponential decay (ηDE ≈ exp(−1/T )), suggesting a thermally activated process.
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Figure 3.15: Change in the relative detection efficiency of the photodiode FD05D by Thor-
labs as a function of temperature. The data were collected continuously over a full cycle
(cooling down and heating up) of the cryostat. Blue points were recorded during the cooling
phase over approximately 48 hours, while red points correspond to the warm-up phase over 16
days; the missing data during warm-up are due to a computer failure. A slight hysteresis was
observed. At low temperatures, the data follow an exponential decay. All measurements were
performed at a bias voltage of 0.39 V. The shaded area indicates the systematic uncertainty
arising from light power fluctuations. This illustration was created by N. Sültmann and adapted
for this work. Note, RBW: 0.25 Hz and averaged over 50 repetitions.

Reverse Bias Investigations

As shown in the preliminary investigation, the detection efficiency exhibits a strong depend-
ence on the applied reverse bias. In this section, we therefore investigate the dark current, the
relative detection efficiency, and the noise power at different cooling temperatures for a range
of reverse‑bias voltages.

The Figure 3.16(a) depicts the dark current behavior as a function of increasing reverse bias at
various temperatures. At room temperature (yellow dots), the current exhibits a roughly linear
increase, modeled by the fit m · x +b and shown as a solid line. In contrast, cooling causes the
dark current to rise exponentially, described by the fit a · exp(b · x) + c . The underlying reason
for this difference is that lowering the temperature increases the semiconductor’s band gap,
thereby requiring more energy to transfer an electron from the valence band to the conduction
band. This energy increase is facilitated by applying higher reverse bias.
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Moving to Figure 3.16(b), the graph displays the detection efficiency at 154 K, normalized
to the detection efficiency at 0 V reverse bias, as a function of reverse bias. Two notable ef-
fects are observed: first, a small increase in detection efficiency at approximately 0.7 V, which
is within the measurement uncertainties and influenced by laser power fluctuations, making
it not reliably reproducible; second, an exponential decrease in detection efficiency at bias
voltages above 1.5 V. This second effect can be explained by the rising dark current, which
contributes to increased current and reduces the detection performance.

Figure 3.16(c) illustrates the total laser noise and photodiode dark noise over a frequency
range of 1 Hz to 100 Hz at 144 K. The photodiode dark noise exhibits a slight increase with
increasing reverse bias, while the total laser noise remains constant at higher frequencies but
appears to increase at lower frequencies. This behavior indicates that, in this measurement
regime, the total laser noise dominates, and variations in dark noise with reverse bias have
only a minor impact on the overall noise performance.
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Figure 3.16: (a) Top: Dark current at various reverse biases for different temperatures. Cooling
alters the response of the photodiode to increasing bias voltage: at room temperature, the
dark current increases linearly, while in the cooled state, it increases exponentially. (b) Bottom:
Detection efficiency relative to 0 V reverse bias at 154 K. Two notable effects are observed:
first, a small increase in DE around 0.7 V, most likely due to signal fluctuation; second, an
exponential decrease in detection efficiency, which is attributed to increasing dark current. (c)
Photodioden dark noise and total laser noise in the frequency range of 1 Hz to 100 Hz are
shown at different bias voltages for the temperature of 144 K. As part of our publication, N.
Sültmann and I collaborated on this illustration.

In summary, the effect of reverse bias on the photodiode differs significantly between room‑tem-
perature and cooled operation. At room temperature, the dark current increases linearly with
bias, whereas under cooling it exhibits an exponential rise. Although the detection efficiency
decreases at higher reverse‑bias voltages due to the increased dark current, the impact on the
overall noise performance remains minor, as the total laser noise dominates in the relevant
frequency band. Moreover, the photodiode withstands bias voltages well above the manu-
facturer’s specification at low temperatures, suggesting that the maximum safe bias voltage
increases as the device temperature decreases.
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3.2.4 Conclusion and Outlook
The results showed that the Thorlabs products performed best, with a maximum measured
QE of around 88 % for the FD05D model, which can be increased to approximately 91 % by
removing the broadband‑coated window. An additional 1 % increase in QE, up to almost 92 %,
is achieved when the photodiode is positioned at an angle of around 35 °. The anti‑reflection
coating on the substrate reflects approximately 0.8 %, which does not explain the remaining
8 % needed to reach 100 % QE. This indicates an internal semiconductor limitation that must
be addressed by selecting the appropriate doping or material.

A promising option was demonstrated in Moseley et al. (1986), who used metalorganic va-
por‑phase epitaxy to create a GaInAs/AlInAs heterostructure (see Figure 3.17). This design
achieved a broadband QE of 95 % over the wavelength range from 1.7 µm to 2.25 µm [84].

InP (n+)

GaInAs

AlInAs

GaInAs (p+)
AR 
coating

Ring 
contact

Figure 3.17: Schematic representation of the
GaInAs/AlInAs heterostructure achieving a QE of
95 % at 2.1 µm. The figure is based on the original
layout but has been adapted for this thesis.

Dark voltage plays a significant role
in quantum efficiency and therefore
also in detection efficiency, which
motivated a more detailed investig-
ation. It was shown that a reduc-
tion of up to 15 dB is possible at a
temperature of 200 K; however, this
comes at the cost of a 15 % loss in
DE. Semiconductor design improve-
ments may be able to compensate
for this, keeping DE/QE stable at
lower temperatures while eliminat-
ing dark voltage. Moreover, no de-
gradation in performance was ob-
served when cooling the photodiode
multiple times to 5 K, even though
these temperatures exceed the man-
ufacturer’s recommended limits.

Overall, the results indicate that current photodiodes can meet many of the requirements for
small experimental setups when properly optimized. Based on these findings, it appears likely
that future gravitational‑wave observatories will benefit from semiconductor materials with
intrinsically higher QE, lower dark current, and stable cryogenic performance. Advancing such
materials and device architectures may therefore be essential for enabling the next generation
of detector sensitivities.
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3.3 Development of a Squeezed Light Source for Audio-
Band Operation

The use of squeezed light reduces quantum noise and is therefore considered a key technology
for current and future GWOs [7, 6, 28]. Initial squeezer prototypes in the 2 µm wavelength
range have already been demonstrated. One approach follows the conventional scheme using
a 2 µm laser that serves both as the LO for detection and as the fundamental field for SHG,
which produces the pump field for an OPO in a bow-tie configuration. This system achieved
approximately 4 dB of audio‑band noise reduction, with the performance limited by photodi-
ode dark noise [8, 10]. An alternative approach uses a 1064 nm pump laser to operate an
OPO above threshold for LO generation and below threshold for squeezed-light generation at
2128 nm, reaching about 7 dB of noise reduction in the MHz regime [11].

In this work, the 2128 nm squeezer is extended from MHz sidebands to operation in the audio-
band. This extension is challenged by several noise sources, including technical noise, phase
noise, and photodiode dark noise. The initial investigations were carried out together with my
former master student, Tobias Schoon.

Figure 3.18: Atmospheric transmission in the 1500 nm to 2250 nm range for a path length
of 100 m, with a zoom around the operating wavelength of 2128 nm (orange line, labeled as
reference). In this spectral region, gases such as N2O and O3 do not contribute significantly.
The prominent absorption peak near the operating wavelength is due to H2O. Data are based
on the HITRAN 2016 database [85].

Squeezed states of light are highly susceptible to optical losses. For example, an optical loss
of only 5 % reduces an initial squeezing level of 20 dB to approximately 13 dB, as predicted by
the theoretical model (Equation 1.48). For certain wavelength regimes, atmospheric absorption
introduces an additional loss channel that must be taken into account. The atmospheric trans-
mission spectrum is shown in Figure 3.18. Our operating wavelength of 2128 nm (orange line,
labeled as reference) lies within a favorable transmission window, comparable to the potential
window at 1550 nm. However, the surrounding 2 µm region is dominated by pronounced absorp-

76



Section 3.3: Squeezed Light Development

tion features. In this simulation configuration, the transmission at the operating wavelength
was 99.99 %. This further motivates the choice of 2128 nm as a future main wavelength in
GWOs. Detailed investigations of the atmospheric transmission at this wavelength are ongoing
[86]. The simulation assumes an optical path length of 100 m, which overestimates typical
laboratory conditions. Adjusting the path length primarily affects the transmission amplitude,
while the spectral structure remains unchanged. In real GWOs, most of the propagation occurs
through vacuum, with a smaller fraction passing through the atmosphere and therefore subject
to atmospheric absorption.

3.3.1 Experimental Setup

DBS
NPRO Laser

FIEOM λ/2 PBS PBS*

Spectrum analyzer

R2128 = 90 %
R1064 = 96 %

AR

Squeezer

HR

PPKTP PD 1

PD 2

Degeneracy
monitoring

PD 3

Homodyne
detection

LO
generation 

BS

1064 nm
2128 nm
Squeezed

Phase
shifter

Figure 3.19: Schematic of the experimental setup. An NPRO 1064 nm laser pumps two optical
parametric oscillators that generate light at 2128 nm. One OPO operates above threshold as a
degenerate source for the local oscillator, depicted in blue. The other operates below threshold
as a squeezed-light source (squeezer) and is marked in green. Both fields are combined at
a beam splitter (BS), spatially overlapped using a triangular cavity, and measured with a
balanced homodyne detector. Part of the LO light is coupled into a confocal cavity to monitor
the degenerate state, indicated in purple. Both cavities are frequency-stabilized using a modified
Pound-Drever-Hall scheme, with 28 MHz sidebands impressed on the pump and detected at
PD 1 and PD 2. Power adjustments are made using a half-wave plate and a PBS, which
transmits s-polarized light. The reflected beam is directed to a beam dump. This PBS and
beam dump arrangement is indicated as PBS* in the figure.

Figure 3.19 shows the schematic setup used for generating and detecting 2128 nm squeezed
light. A low-noise, single-frequency 1064 nm NPRO laser (manufactured by Mephisto) is
used as the pump source. The beam passes through an EOM that imprints 28 MHz sidebands,
followed by a FI to protect the laser from back-reflections. After passing through a half-wave
plate and a PBS, the pump beam is split into two arms. Each arm is constructed identically
and contains a power‑adjustment stage comprising a half‑wave plate followed by a PBS. In
this configuration, the PBS is oriented to transmit s-polarized light, while the reflected beam
is directed out of the optical plane and terminated with a beam dump. This component is
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labeled PBS* in Figure 3.19 to distinguish it from the main power‑splitting PBS.

After splitting, the beams pass through a DBS, which is transmissive at 1064 nm and highly
reflective at 2128 nm, and are then coupled into their respective nonlinear cavities. Each cavity
consists of a coupling mirror with reflectivities of R2128 nm = 90 % and R1064 nm = 96 % and is
mounted on a piezoelectric actuator. This is followed by a PPKTP crystal, whose right side is
curved to act as the second cavity mirror and is high‑reflectivity coated for both wavelengths.
Cavity parameters are listed in Table 3.3. A modified PDH stabilization is applied using pho-
todiode 1 or 2.

The two arms differ in their operating regimes: the squeezer, indicated in green, operates below
threshold and produces a squeezed state, whereas the local oscillator generation cavity operates
above threshold and produces a bright coherent field, depicted in blue. After being combined
at a beam splitter (BS) and spatially overlapped in a triangular cavity, the two fields are meas-
ured with a balanced homodyne detector. LO phase is controlled using a piezo-actuated phase
shifter. To reduce pointing instabilities caused by imperfections in the phase‑shifter mount,
the pump beam is aligned as close as possible to the cavity axis. A portion of the LO light is
guided into a confocal cavity to monitor mode degeneracy.

The corresponding cavity design is shown in Figure 2.2. Compared to the high‑power cavity,
the only modification is the adjusted reflectivity of the coupling mirror. Low‑noise operation
of the PDH stabilization follows Section 2.2.2. Degeneracy in this cavity is again achieved by
tuning the crystal temperature, as demonstrated in Figure 2.9.

Table 3.3: Overview of the LO and Squeezer cavity parameters.

1064 2128 nm
waist radius 33.5 47.4 µm
finesse 153 59.5
free spectral range 3.80 3.83 GHz
linewidth (FWHM) 24.9 64.3 MHz
coupler reflectivity 96 90 %

Monitoring of Mode Degeneracy

The signal and idler wave modes of the local oscillator can be tuned via the crystal temperature.
When both fields reach the same wavelength, the system operates in the degenerate regime.
Monitoring and maintaining this condition is essential for measuring squeezing, as the squeezed
state is intrinsically degenerate and interference between unequal wave fields introduces loss.
To verify degeneracy, the local oscillator output is monitored using a confocal cavity. The
criterion for degeneracy is the appearance of the minimum number of transmission peaks
with maximum intensity. Due to dispersion and wavelength‑dependent mirror reflectivities, the
confocal cavity exhibits different Finesse values for the different wavelengths, as shown in
Equation 1.7. Therefore, if the OPO is not degenerate and produces more than one field,
these fields can be distinguished using this method. For our setup, this typically appears as
in the top‑left panel of Figure 3.20. However, because the confocal cavity has a relatively low
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finesse of 30 (R1 = R2 = 90 %; FWHM = 0.143 GHz; FSR = 4.283 GHz), its limited spectral
resolution may cause two closely spaced peaks to appear as a single one.
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Figure 3.20: This figure illustrates the challenge of identifying mode degeneracy in the squeez-
ing experiment. The left column shows the mode pattern of the linear cavity, while the right
column shows that of the triangular cavity. In the top row, a non-degenerate state is observed.
Although this state appears degenerate in the confocal cavity, the triangular cavity clearly
reveals its non-degenerate nature, as each mode appears as an individual fundamental-mode
spot on the beam profiler. Pairs of these spots correspond to the signal and idler fields. In
contrast, the bottom row shows the true degenerate state: for the same cavity‑length tuning,
only two fundamental‑mode spots are visible, each with approximately twice the intensity of
the non-degenerate modes. Note that the small peak in the bottom-right image is a higher-
order mode due to non-perfect mode matching.

Figure 3.20 illustrates this issue. The left column shows the transmission of the confocal cavity,
while the right column shows that of a triangular cavity with a finesse of 27 (R1 = R2 = 90 %
and R3 = 98 %; FWHM = 0.026 GHz; FSR = 0.714 GHz). In the top row, the confocal cavity
suggests a degenerate state, yet the triangular cavity clearly reveals two separate fundamental
modes, indicating a non-degenerate condition. In contrast, the bottom row displays the true
degenerate state: within the same cavity‑length‑tuning range, only two fundamental‑mode
peaks are observed, each with approximately twice the intensity of the non‑degenerate modes.
A comparison of the measured cavity finesse of the non‑degenerate state, the degenerate state,
and a simulated response does not provide a reliable distinction. Because both the degenerate
and non‑degenerate cases exhibit nearly identical linewidths. The observed difference in the
number of resolvable resonances between the two cavities arises from their different cavity
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parameters. In particular, the smaller FSR and narrower FWHM of the triangular cavity increase
the density and spectral resolvability of cavity modes.

Audio-Band Homodyne Detector

Measuring squeezed light in the audio-band is challenging because electronic noise dominates at
low frequencies. To overcome this limitation, a low-noise homodyne detector was developed,
and its performance is analyzed in the following. The layout of the detector is shown in
Appendix A.4. It was originally designed during my Master’s thesis and has now been adapted
for low-frequency operation.

Figure 3.21: Proof of linearity of the homodyne detector. Relative noise spectrum (5 kHz to
50 kHz, left) and zero‑span at 10 kHz (right), normalized to (0.5 ± 0.015) mW LO power.
Linearity up to (8 ± 0.24) mW is observed. Signal analyzer settings: video band width
(VBW) = 1 Hz, resolution band width (RBW) = 100 Hz, averages (AVG) = 100.

First, the linearity of the system is investigated. The results are shown in Figure 3.21: the left
panel displays the noise spectrum, while the right panel presents a zero-span measurement
at 10 kHz. Linearity is verified by doubling the LO power, which theoretically leads to a 3 dB
increase in shot noise. For the procedure of homodyne measurement the differential current
(idiff = i1 − i2) of each individual photodiode (i1,2) is measured. Since the shot‑noise contri-
butions of the two photodiodes arise from independent quantum processes, the corresponding
noise currents are statistically uncorrelated. Therefore, the variance of the differential signal is
given by the sum of the individual shot‑noise variances (seen Equation 1.50):

⟨i2
diff⟩ = ⟨i2

1 ⟩ + ⟨i2
2 ⟩ = 2 ·

(
2e iLO

2 ∆f
)

= 2eiLO∆f , (3.5)

where the photocurrents at the beam splitter output ports are each i1 = i2 = iLO/2 assuming
identical and ideal PDs. This implies that the differential shot‑noise amplitude scales as idiff ∝
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√
iLO. The conversion from photocurrent to voltage using the transimpedance amplifier is given

by

V = Gi , (3.6)

where G is the transimpedance gain and I ∝ idiff, ideally without any residual DC offset. The
electrical power measured by the signal analyzer (SA) is

PSA = V 2

R ∝ i2 ∝ i2
diff, (3.7)

with R being the input impedance. Consequently, doubling the LO power results in a doubling
of the electrical noise power measured by the SA, i.e., PSA ∝ iLO.

Linearity is observed up to (8 ± 0.24) mW. Imperfect power adjustment together with the 3 %
powermeter uncertainty [55] accounts for the small deviations observed. The measurements
were taken using a Rohde & Schwarz FSV signal analyzer (10 Hz to 4 GHz ) with a VBW
of 1 Hz, an RBW of 100 Hz, and an averaging factor of 100.
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Figure 3.22: Dark-noise optimization of the homodyne detector by adjusting the reverse
bias. Top panel: noise spectra in the audio-band, showing the total detected noise, the signal
analyzer noise floor, and the photodiode dark noise for several reverse-bias voltages. Bottom
panel: corresponding signal-to-noise ratio obtained by comparing the total noise with the
respective dark-noise levels. Data were taken with a signal analyzer using a VBW of 1 Hz, an
RBW of 50 Hz, and an averaging factor of 100.

Second, the reverse bias of the photodiodes is optimized to minimize their electrical dark noise.
This is necessary to avoid limitations imposed by electronic dark noise. Figure 3.22 shows the
results. The top panel displays the noise spectrum in the audio-band measurement range for
several reverse-bias voltages, together with the total detected noise (photodiode noise plus laser
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noise) and the noise floor of the signal analyzer. Decreasing the reverse bias reduces the intrinsic
noise of the photodiodes, but it does not alter the total detected noise, as the photodiode
contribution is comparatively small. For example, the highest point of the total noise floor is
about −88 dBm, while the maximum photodiode noise at a reverse bias of 1 V is approximately
−100 dBm. This 12 dB difference corresponds to a factor of 16, meaning that the photodiode
noise accounts for only about 6 % of the total detected noise, with the remaining contribution
originating from laser noise. The bottom panel shows the corresponding signal-to-noise ratio
(SNR) of the spectra. An SNR of up to 200 is obtained for a reverse bias of approximately
0.3 V, and reducing the bias further does not lead to any significant improvement. Therefore,
a reverse bias of around 0.3 V provides the optimal dark-noise clearance. Lower reverse‑bias
voltages reduce the photodiode bandwidth, but this effect is negligible for measurements in
the audio‑band. A Rohde & Schwarz FSV signal analyzer (10 Hz to 4 GHz) with a VBW
of 1 Hz, an RBW of 100 Hz, and an averaging factor of 100 was used for the experiments.

3.3.2 Observation of Audio‑Band Squeezing
Left panel of Figure 3.23 shows the shot‑noise‑normalized squeezing spectrum in the upper
audio-band between 10 kHz and 20 kHz, with anti-squeezing shown as red points and squeezing
as blue points. The black line indicates the shot‑noise level, and the grey points represent the
electronic dark‑noise floor of the measurement system, including the spectrum analyzer and
the homodyne detector. Solid lines represent Savitzky–Golay-filtered traces (window size 5,
polynomial order 3), as discussed in the next section. Across the full measurement band, more
than 10 dB of anti‑squeezing were observed, with a maximum of (13.9 ± 2.2) dB, while the
squeezing reached approximately 1 dB, with a maximum of (3.6 ± 2.1) dB. The data clearly
show that the dark‑noise level limits the observable squeezing. Recording of the data was done
with a Rohde & Schwarz FSV signal analyzer (10 Hz to 4 GHz) with an RBW of 300 Hz
and a VBW of 30 Hz, and a local‑oscillator power of 1.5 mW.

A zero‑span measurement at 15 kHz is shown in the right panel of Figure 3.23. Squeezing is
shown in blue, anti-squeezing in red, and the phase scan is plotted in grey. The horizontal lines
indicate the mean values of (8.5 ± 2.0) dB of anti‑squeezing and (3.3 ± 1.5) dB of squeezing,
corresponding to an inferred initial squeezing Sinit of about 10.5 dB. This value is calculated
from the measured squeezing and anti‑squeezing levels using the loss equation

L = 1 − S+S−

2 − S+ − S−
, (3.8)

and
Sinit = 10 log10

(
S+ − L
1 − L

)
, (3.9)

where S+ and S− denote the anti-squeezing and squeezing variances in linear units. Measure-
ments were taken with the same signal analyzer using an RBW of 500 Hz and a VBW of 30 Hz.
The uncertainties given are based on the standard deviation of the data.

Two artifacts are apparent in the data: (i) the squeezed trace occasionally rises above the
shot‑noise level and (ii) it drops below the dark‑noise level. Both effects are non‑physical and
can be attributed to statistical noise fluctuations and interference from technical noise sources.
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It should be noted that, due to time constraints, the measurement data presented here was
taken under non‑ideal conditions. These results represent a first test measurement, and signi-
ficant improvements are expected, as discussed below.
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Figure 3.23: Left panel: shot‑noise‑normalized squeezing spectrum in the upper audio-band
from 10 kHz to 20 kHz. Red points indicate the anti‑squeezed quadrature and blue points the
squeezed quadrature. The black line marks the shot‑noise level, and the grey points show
the electronic dark‑noise floor of the spectrum analyzer. Data were recorded with an RBW
of 300 Hz and a VBW of 30 Hz. Solid lines show Savitzky–Golay-filtered traces (window size
5, polynomial order 3) for visualization. Right panel: zero‑span measurement at 15 kHz. The
phase scan is shown in light grey, while the horizontal lines indicate the mean values of the
hand‑locked squeezing (blue) and anti‑squeezing (red). These data were recorded with an
RBW of 500 Hz and a VBW of 30 Hz.

Savitzky–Golay Filter

The Savitzky–Golay filter is a widely used method for smoothing noisy spectral data while
preserving characteristic features such as peak height and width [87]. It operates by fitting a
polynomial of order k to a local window of 2m + 1 data points, where m denotes half the
window width:

ypolynomial(x) ≈ a0 + a1x + a2x2 + · · · + akx k , (3.10)
with x = 0 corresponding to the central point of the window. The smoothed value at index i
is obtained from the value of the fitted polynomial at the center:

y smooth
i = ypolynomial(0) = a0. (3.11)

This procedure is applied to all data points. Because the central point of each window is used,
the filter does not introduce any shift along the x‑axis. For a window centered at position i ,
the contributing data points are

yi−m, yi−m+1, . . . , yi , . . . , yi+m−1, yi+m. (3.12)
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At the boundaries of the dataset, where a full window is not available, the filter uses modified
coefficients so that interpolation is performed using only the accessible neighboring points.

Loss Analyses

As discussed above, several aspects of the squeezing measurement can be optimized to improve
the observed squeezing levels. These can be categorized into technical improvements of the
detection hardware, improvements in data acquisition and averaging, and optical loss channels
in the experimental setup.

Technical optimization:
The first area of improvement concerns the reduction of electronic dark noise. This could be
achieved by further lowering the intrinsic noise floor of the homodyne detector, for example
by selecting even lower‑noise electronic components or by redesigning parts of the detection
circuit. An even more promising approach is the use of a lower‑noise signal analyzer. As shown
in Figure 3.22, the current homodyne detector noise floor approaches the noise floor of the
spectrum analyzer, meaning that the analyzer partly limits the achievable clearance. Improving
linearity to allow operation at higher local‑oscillator powers is possible but considerably more
challenging. Overall, reducing the noise of both the homodyne detector and the signal analyzer
would lower the effective background noise.

Data evaluation:
Another improvement concerns the statistical stability of the measurement. Increasing the total
measurement time and the number of averages reduces the variance of individual data points.

Optical loss channels:
Table 3.4 summarizes the primary loss mechanisms in the current setting. The total efficiency
includes escape efficiency from the resonator, propagation loss, photodiode quantum efficiency,
and the calculated visibility between the squeezed field and the local oscillator. Additionally,
the effective overall efficiency, calculated from the observed squeezing and anti‑squeezing in
the zero‑span measurement, is shown in the table and defined in Equation 3.8. A detailed
discussion of each individual loss channel is given below.

Table 3.4: Overview of loss sources in the squeezing measurement.

Source Efficiency (%)
Escape from resonator 98 ± 1
Light propagation >99
Photodiode 92 ± 3
Calculated visibility 65.5
Total value from squeezing and anti-squeezing 58.5 ± 0.5

Escape from resonator: The escape efficiency is defined as T/T+L, where T denotes the
transmissivity of the output coupler and L the round‑trip loss of the resonator. Losses
arise from imperfect AR coatings at the nonlinear crystal, scattering and absorption in the
crystal, and residual transmission of the high‑reflectivity end face. The transmissivities
are taken from the manufacturer (Layertec) [88], and scattering/absorption losses
are estimated to be 1 % to 2 % based on prior experience.
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Light propagation: Propagation efficiency is determined by the quality of each optical ele-
ment, primarily governed by HR and AR coatings. High‑quality optics from Laseroptik
were used, and their specified coating losses [89] form the basis of the estimate.

Photodiodes: The photodiodes introduce loss through their quantum efficiency and dark‑noise
contribution. In this experiment, two photodiodes with a measured quantum efficiency
of (92 ± 3) % were used. A detailed characterization is provided in Section 3.2. Their
dark‑noise contribution becomes relevant primarily at low frequencies.

Visibility: Visibility quantifies the spatial and spectral mode overlap between the squeezed
field and the local oscillator. It can be determined either from the interference contrast
between the two beams (Equation 1.56) or from mode matching to a (triangular) cav-
ity. Degeneracy of the involved fields plays a significant role because any wavelength
mismatch introduces a time‑dependent phase difference. If this phase varies significantly
over the detector integration time, the interference term averages out and the visibility
decreases toward zero [90]. Because the visibility measurement data were unavailable,
only the calculated value of 65.5 % is available.

3.3.3 Conclusion and Outlook
In this chapter, a squeezed‑light source operating in the frequency range of 10 kHz to 20 kHz
was demonstrated. Squeezing of 3.3 dB and anti‑squeezing of 8.5 dB were achieved at 15 kHz.
The performance is primarily limited by electronic dark noise and optical losses, in particular
imperfect mode overlap and incomplete degeneracy. By selecting a lower-noise signal analyzer,
working at higher LO powers, and further optimizing the homodyne detector, the noise per-
formance can be substantially improved. Improving the spatial mode matching and ensuring
stable degeneracy will reduce the dominant optical loss channels.

The next major goal is to extend squeezing measurements toward very low frequencies. Achiev-
ing this will require corresponding improvements in the detector and signal analyzer. If thermal
noise of the photodiodes becomes a limiting factor, cooling the devices may be necessary.
In addition, further refinement of the mode‑matching optics and a more reliable degener-
acy‑monitoring scheme will be important. To stabilise the squeezing measurement for a selec-
ted quadrature, implementing a control scheme is an important step. With these improvements
implemented, we expect significantly higher squeezing levels at low frequencies.

A longer‑term development step involves replacing the current photodiodes, which remain
a major limitation. Ongoing efforts toward developing photodiodes with substantially higher
quantum efficiency could enable squeezing levels well above 10 dB, providing a direct demon-
stration of the suitability of 2 µm squeezed‑light sources for future gravitational‑wave obser-
vatories.

In summary, this work represents an important milestone in the development of a 2128 nm
squeezed‑light source. The favourable optical properties at this wavelength and demonstrated
performance strongly support 2128 nm as a promising candidate wavelength for next‑generation
GWOs.
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Hyperloss in Quantum-Correlated
Networks

Figure 4.1: Schematic illustration of a GWO.

Quantum-enhanced GWOs rely on
squeezed states to surpass classical
sensitivity limits. However, their per-
formance is fundamentally limited
by decoherence mechanisms, in par-
ticular by optical losses. A well-
known source of such losses is im-
perfect mode matching between in-
terfering fields. In this chapter, I
present the physical picture and
experimental demonstration of the
current understanding of this mech-
anism, which can result in an ef-
fective loss exceeding 100 %, mani-
festing as a thermal-like state and
thereby motivating the term hyper-
loss. Unlike classical optical loss,
where squeezed light interacts with
a zero-temperature bath, hyperloss
arises from the coupling of a dis-
crete set of spatial modes in a pure
state. These modes originate from the coherent coupling of the fundamental mode of the
squeezed field at various interfaces, such as optical cavities or beam splitters. Such spatial-
mode coupling is ubiquitous in gravitational-wave observatories, as illustrated in Figure 4.1.

This effect is significant because it occurs in all quantum networks employing high levels
of squeezing, including GWOs and photonic quantum computers. In future implementations,
where higher degrees of squeezed states are planned [6, 7], the associated hyperloss is expec-
ted to increase substantially. Although this effect has not yet been critical in current quantum
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networks due to relatively low levels of squeezing, it remains an important consideration.

While mode-mismatch-induced decoherence has been theoretically discussed [14, 91, 92, 93],
its full physical mechanism and experimental verification in highly squeezed regimes have re-
mained incomplete. The aim of this chapter is to provide a complete physical picture and
the first experimental demonstration of hyperloss. For a comprehensive and rigorous theoret-
ical treatment of our findings, the interested reader is referred to our accompanying paper [94].

Squeezed light was generated and directed into a linear cavity, with intentional misalignment
of the input beam to the resonator. This misalignment resulted in a small portion of the
light coupling into higher-order modes, which were directly reflected. As the fundamental and
higher-order modes propagated, they accumulated a differential phase. Subsequently, in a
second cavity, these light fields interact with each other and are measured using a homodyne
detection setup.

This chapter is structured as follows: Section 4.1 introduces the physical picture. Section 4.2 de-
scribes a preliminary investigation of weak coupling in a single-cavity configuration. Section 4.3
demonstrates hyperloss in a two-cavity setup, followed by a discussion of their implications for
quantum networks.

The project resulted from a close collaboration with colleagues from my working group. I was
responsible for project coordination and planning, while both M. Sc. Stephan Grebien and I
carried out the experimental work. Stephan Grebien handled the data analysis, and Dr. Mikhail
Korobko contributed the theoretical analysis of the effect.
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4.1 The Physical Picture of Hyperloss
The origin of hyperloss can be illustrated using a simple optical network consisting of two
strongly overcoupled cavities, each representing one part of the full experiment. A laser field
connects the two cavities, and a phase-sensitive detector analyses the resulting interference.
To give an introduction to the underlying principle, we first focus on a single cavity, as shown
in the left panel of Figure 4.2. In practice, small mode matching imperfections lead to spatial-
mode mixing (SMM), even when the cavity’s resonant mode is carefully optimized to match
the laser’s fundamental TEM00 mode. The fraction of light that is not mode matched does
not enter the cavity; instead, it is directly reflected and acquires an additional phase shift. As a
result, two fields emerge: the directly reflected, slightly displaced field (orange mode) and the
field leaking out of the cavity (blue mode). These two fields interfere and form a superposition
of the fundamental mode (FM) and one or more higher‑order modes (HOM), illustrated as
the green mode. The right panel of Figure 4.2 illustrates this effect in terms of Gaussian beam
profiles along the optical x-axis.

An alternative but equivalent description uses a beam-splitter model. A displaced field enters
one input port of the beam splitter, while a fundamental mode enters the other. Their inter-
ference produces a field containing higher-order spatial modes.
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Figure 4.2: Schematic illustration of mode mismatch between the cavity mode and a mis-
aligned (displaced) incoming laser field. The fundamental‑mode component of the incident
field couples into the cavity mode, while the remaining part is directly reflected and acquires
an additional phase shift. The interference between these two fields produces higher‑order spa-
tial modes. A three-dimensional illustration is presented in the left panel, whereas the right
panel highlights the field amplitude along a single transverse direction. For clarity, the illus-
tration assumes equal amplitudes for the two fields and shows only one resulting higher‑order
mode. In practice, stronger mode mismatch would generate multiple higher‑order modes. The
figure was adapted from an illustration by Dr. Korobko.

To further formalize this interaction and to describe how multiple cavities contribute to hyper-
loss, it is useful to change to the eigenbasis of the first resonator. In this basis, the incoming
beam is represented as a superposition of the fundamental mode and a higher‑order mode
that is intentionally designed to be off-resonance. Consequently, the first cavity acts as a
mode-splitting element between the fundamental and higher‑order spatial modes. When the
light interacts with a second cavity, part of the higher‑order mode is converted back into the
fundamental mode. The resulting field is then detected with a phase‑sensitive detector, which
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measures the quantum correlations in the same spatial mode as its reference beam, namely
the fundamental mode.
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Figure 4.3: Schematic of coupling between fundamental and higher-order modes utilizing
squeezed light. Left panel: A simple two-cavity network can be associated with an effective
Mach-Zehnder interferometer. Presented is a schematic divided into two parts: the upper half
displays the FM progression, and the lower half the HOM progression. The blue dotted ellipses
represent a squeezed field in the X and Y phase-space quadratures, with one quadrature
squeezed and the other anti-squeezed. Green crosses illustrate the progression of a specific
field amplitude. At the first cavity, squeezing in the FM couples to the HOM and acquires a
relative phase ϕ1. Free space propagation further rotates the HOM in phase-space due to the
Gouy phase ϕG. Coupling into the second cavity adds a third phase ϕ2. This results in a phase
delay between FM and HOM. The noise level can be measured along one quadrature at the
homodyne detector. Right panel: Three cases are presented. First, perfectly aligned ellipses
with squeezing fully coherently restored. Second, ellipses are rotated by exactly π relative to
each other. Correlations are canceled completely and the measured state’s noise level is equal
to the shot‑noise level. Third, at a relative phase of π/2 the higher-order mode anti-squeezing
couples to the squeezed quadrature and produces a thermal-like state. The choice to represent
this as a thermal state is for illustrative purposes only. This schematic is adapted from a figure
by Dr. Korobko.

In the following, a simplified two‑cavity quantum‑enhanced network that utilizes squeezed light
is presented. For this purpose, a schematic diagram is shown in the left panel of Figure 4.3.
In analogy to a Mach–Zehnder interferometer, the cavities can be interpreted as effective
beam splitters. This analogy allows the interferometer to be divided into two paths: the upper
path corresponds to the fundamental mode, while the grey‑shaded lower path represents the
higher‑order mode. At the first beam splitter (cavity 1), the fundamental and higher‑order
modes become entangled. At the second beam splitter (cavity 2), these two entangled paths
interfere and the resulting field is detected with a homodyne detector. The blue dotted ellipses
depict the squeezed field in phase space, with one quadrature squeezed and the orthogonal
quadrature anti‑squeezed. Green crosses illustrate how the phase of the state evolves. Three
different cases can be distinguished:
Coherent restoration: The differential phase between the two paths is zero, such that the

ellipses are perfectly aligned. In this case, the squeezing variance is coherently restored
and, under the condition of equal mismatches at both cavities, no observable effect of
mode mismatch remains.
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Full decoherence: A differential phase of π cancels the quantum correlations completely,
resulting in no measurable squeezing; the homodyne detector observes shot noise. This
situation likewise assumes equal mismatch contributions from both cavities.

Thermal-like state: A differential phase of π/2 leads to the anti‑squeezed quadrature of the
higher‑order mode coupling into the squeezed quadrature of the fundamental mode (or
vice versa). This produces a fully thermal‑like state, with the homodyne detector output
exceeding the shot‑noise level.

The central aspect is the differential phase that a single fundamental mode and a single higher-
order mode acquire while propagating through the network. This differential phase determines
whether the interference is constructive or destructive and thereby influences the extent of
hyperloss. To analyse this, we first consider the phase evolution of an individual mode. Due
to the nature of Gaussian beam propagation, the accumulated Gouy phase ϕG depends on the
mode order [95]. In addition, the cavity is designed to be resonant only for the fundamental
mode, while all other modes are reflected. As a consequence, the different modes acquire
distinct phase shifts (ϕ1 and ϕ2). Together, these contributions form the differential phase
that lies at the heart of the observed effect. Since the underlying mechanism originates from
imperfect spatial mode matching (SMM) at the first cavity, the process can also be inter-
preted as a phase‑dependent form of SMM. The situation becomes even more complex when
additional higher-order modes generated upon reflection from the cavity are taken into account.

We distinguish between hot and cold phase-dependent SMM, defined by the input state injec-
ted into the network:

Hot SMM occurs when the initial beam incident on the first cavity is in a (pure) quantum-
correlated state, in our case a squeezed state. In this regime, the coupling of the spatial
modes generates an entangled field between the FM and HOM. As a result, the meas-
urement of one mode yields a mixed, thermal‑like state. This is the regime considered
in the preceding section.

Cold SMM occurs when a coherent light field is incident on the first cavity. In this case, the
effect manifests as a direct, phase‑dependent power loss in the FM and is bounded by a
maximum loss of 100 %. The effective loss is defined by

λsmm ≡ 1 − Pout

Pin
= k2

1 + k2
2 + 2k1k2 cosϕ (4.1)

k1=k2= 2k2 (1 + cosϕ) , (4.2)

with Pin,out as the average measured optical powers of the input and output light fields, k
quantifies the misalignment strength at both cavities assumed equal, and ϕ is the accumu-
lated differential phase between the two modes. The heart of the cold phase-dependent SMM
can be observed here: mismatch loss λsmm cannot be modeled as two independent sources of
loss, which would yield λsmm = 1 − 2k2. Instead, the interaction between the two coupled
modes may either amplify or diminish the evident loss, depending on the relative phase ϕ.
For instance, a beam reflected sequentially from two optical cavities, each exhibiting a mode
mismatch of approximately k2 = 8 %, would typically be considered to incur an overall loss of
roughly 15 %, alias the baseline. In the cold phase-dependent SMM case the total loss varies
between 0 % (ϕ = π) and approx 30 % (ϕ = 0), as shown in Figure 4.4.
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Figure 4.4: Simulation of phase‑dependent cold SMM
for different mismatch factors (solid lines). The baseline
represents a simple loss assumption (dashed line).

However, in the hot phase‑dependent
SMM scenario, the effect becomes
even more dramatic due to the
involvement of quantum‑correlated
light. Higher squeeze factors, which
correspond to a greater quantum
advantage [76], are limited by
quantum decoherence, typically
caused by conventional optical loss.
Therefore, we first examine con-
ventional loss. As formalized in
Section 1.3.3, the mechanism can
be described by a beam-splitter
that cross‑couples the squeezed
state with vacuum fluctuations,
∆2X̂vac(Ω) = 1, thereby reducing
the squeeze factor:

∆2X̂meas(Ω) = (1 − λbs)∆2X̂in(Ω) + λbs∆2X̂vac(Ω), (4.3)

where ∆2X̂in(Ω) and ∆2X̂meas(Ω) denote the uncertainties of the initial and measured (deco-
hered) state at a Fourier frequency Ω. The parameter λbs represents the power loss, modeled
as the power transmissivity of the beam splitter.

Hot SMM has a stronger impact on ∆2X̂meas(Ω) than conventional loss, as it can couple
anti-squeezed uncertainty into the measured uncertainty in addition to vacuum fluctuation.
Analogous to cold SMM, this occurs because a portion of the squeezed field is reflected into
the HOM at the first cavity (see Figure 4.3) and couples back into the FM at the second mixing
interface with a differential phase. Depending on the accumulated phase, the anti‑squeezed
quadrature may couple into the squeezed quadrature of the fundamental field, which results
in significant decoherence. The total detected noise can be expressed as:

∆2X̂meas(Ω) = (1 − λsmm)∆2X̂in(Ω) + λsmm∆2X̂vac(Ω) + T (Ω), (4.4)

where T (Ω) = k2
1 k2

2 e2rs originates from the projection of the anti-squeezed variance of the
higher-order mode onto the fundamental mode at the second mixing interface. This term is
proportional to the initial anti-squeezing and the phase mismatch ϕ, assuming equal squeezing
rs and anti-squeezing ra parameters. For the sake of completeness, the full derivation yields

∆2X̂meas(Ω) = (cos k2 sin k1 + cos k1 cosϕ sin k2)2 +
e−2rs (cos k1 cos k2 − cosϕ sin k1 sin k2)2 + cos2 k1 sin2 k2 sin2 ϕ+

e2ra sin2 k1 sin2 k2 sin2 ϕ (4.5)

which is illustrated in Figure 4.5. The left panel of Figure 4.5 presents the phase dependence
between the FM and HOM with an equal mismatch k2

1,2 = 8 % at each cavity for different initial
squeezing values, reaching hyperloss (also referred to as a thermal-like state) at ϕ = π/2, 3π/2

and a recovery state (which we refer to as coherent restoration) at π. Due to the initial mode
mismatch, the squeezed states recover only relative to the baseline. The baseline represents a
simple estimate of the mismatch‑induced loss, considering only conventional optical loss, and
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can be calculated using Equation 4.3.

Figure 4.5: Measured state as a function of differential phase (left panel) and mode mis-
match (right panel) for various initial squeezing levels. In the left panel, a thermal‑like state of
approximately 1.4 dB is obtained for an initial squeezing of −23 dB. The baseline is calculated
for X̂in(Ω) = −23 dB.

The qualitative regimes introduced above are complemented by their corresponding analytical
expressions, which quantify the behavior as a function of the differential phase and mismatch:

Recovery regime: The appropriate phase relation between the modes restores the lost correl-
ations and recovers the initial squeezing relative to the baseline. For ϕ = π ,one obtains
∆2X̂meas(Ω) = e−2rs , which corresponds to the condition previously referred to as full
coherent restoration.

Neutral regime: In this regime, the thermal contribution increases as the squeeze factor is
reduced, up to the point where either the hyperloss or the recovery regime is reached.
For example, for ϕ = 0 one obtains ∆2X̂meas(Ω) = sin2 2k1 + e−2rs cos2 2k1, which
corresponds to the coherent restoration described earlier.

Hyperloss regime: This regime is reached when the state becomes significantly mixed (ther-
mal-like), with the measured variance exceeding the shot‑noise level for all quadrat-
ures; i.e. ∆2X̂meas(Ω) > 0. For ϕ = π/2, one finds ∆2X̂meas(Ω) = e−2rs cos4 k1 +
2 cos2 k1 sin2 k1 + e2ra sin4 k1 which corresponds to the hyperloss condition, previously
referred to as a thermal‑like state.

The right side of Figure 4.5 depicts the measured noise variance as a function of mismatch
for different initial squeezing levels at a differential phase of π/2. This corresponds to the re-
gime in which one quadrature of the field couples to a hot thermal bath. Two effects can
be observed: first, an increase in the initial noise variance amplifies the impact of mismatch;
second, increasing the mismatch can bring the system into the hyperloss regime for almost
all initial noise variances. These results highlight the significance of the mismatch loss channel.
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In summary, the core mechanism underlying SMM is the accumulated differential phase
between the FM and HOM, which arises from insufficient mode matching to resonators within
a quantum network. Two important cases can be distinguished: First, the hyperloss regime, in
which the squeezed state is transformed into a thermal‑like state. Second, the recovery regime,
in which the lost correlations are fully restored and only the mode‑matching loss remains rel-
evant.

The physical framework developed above implies a set of measurable signatures, whose exper-
imental verification is the focus of the following chapters. We concentrate on the observation
of hot SMM, while cold SMM, being purely classical, serves as a reference measurement.
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4.2 Preliminary Study With Weak Coupling
We begin by investigating the single‑resonator configuration in more detail. Our underlying
hypothesis was that hot SMM should already be observable in this setup, since the system
provides two coupling interfaces with spatial‑mode mismatch: the cavity itself and the local
oscillator used for the homodyne detection. In this picture, the local oscillator takes the role
of cavity 2 in Figure 4.3.

4.2.1 Experimental Realization
Figure 4.6 shows a schematic illustration of the experiment. This is split into two panels: the
left panel shows a simplified version, and the right panel shows a more detailed one.

First, I explain the basic principle and focus on the left panel. A 1064 nm Nd:YAG laser by In-
noLight model Mephisto is frequency doubled to 532 nm. The green light pumps a nonlinear
cavity to produce a squeezed vacuum state via parametric down-conversion. An overview of the
squeezing‑cavity properties is provided in Table 4.1. The squeezed light is mode matched to
cavity one (shown in green, properties can be seen in Table 4.1) by passing a custom Faraday
isolator consisting of a λ/2-waveplate, λ/4-waveplate, and a polarizing beam splitter. An inten-
tional 19 % misalignment was introduced using a set of mode matching lenses (highlighted
in pink) for cavity one. For simplicity, we used the Laguerre–Gaussian (LG) mode with radial
index 0 and azimuthal index 1 (LG01), as Hermite–Gaussian (HG) modes introduce a spatial
displacement over long optical paths that complicates the recombination of the FM and HOM.
However, this protocol can also be implemented using Hermite–Gaussian modes. The cavity
was designed to be resonant with the FM LG00, meaning all other HOMs as LG01 are reflected.
The length of cavity 1 can be stabilized at different resonance points (as shown in Figure 4.7).
This is a crucial step in the experiment, since it allows us to adjust the differential phase
between the FM and HOM, as described in the theory Section 1.1.1. Both modes were guided
to a 50:50 beam splitter and subsequently measured using a homodyne setup with a local
oscillator prepared in the LG00 mode, ensuring that the detection was performed in the fun-
damental mode. A self‑built homodyne detector together with an Advantech PCIe‑1840L
data acquisition card was used to record the data.

Table 4.1: Optical properties of the used cavities.

Squeezing Cavity Cavity 1
Wavelength (nm) 1064 1064
Finesse 66 79
Free spectral range (GHz) 5.28 1.3
Linewidth (MHz) 80 16.5

For a detailed explanation, focusing on the corresponding mode matching, I refer to the right
panel of Figure 4.6. The squeezed light co-propagates with a weak control field to ensure
proper alignment of the experiment. However, this beam is too weak to align the full setup, so
a brighter beam is required. To generate a bright control beam following the squeezed beam,
a strong control field (orange) was overlapped with the weak control beam. This overlap was
verified using a diagnostic mode cleaner, as shown in the diagnostic setup (framed in purple).
As a result, a strong control beam with the same trajectory as the squeezed light is obtained.
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The next step is to match this strong control field to the first cavity with the help of PD 2.

Cavity setup

Figure 4.6: Schematic diagram of the experimental setup. The simplified version is shown
on the left, while a more detailed view is on the right. In the main text, we focus first on the
left side for schematic explanation followed by a more detailed mode matching analysis using
the right side. Squeezed light at 1064 nm was used to perform the experiment. An intentional
19 % misalignment was introduced using a set of mode matching lenses (highlighted in pink)
for cavity one. For simplicity, we choose the LG01 mode; however, there is no issue with
implementing this protocol using Hermite-Gaussian modes as well. The reflected fundamental
mode, LG00 by design choice, and the higher-order mode, LG01, propagate through free space
and acquire a relative phase. For measurement, these modes were overlapped with a local
oscillator at a 50:50 beam splitter and detected using a custom homodyne detector.
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A 532 nm auxiliary beam (green) and a custom Pound-Drever-Hall control scheme in trans-
mission of cavity one was used to stabilize the cavity length using a frequency‑stabilization
scheme. The Airy distribution of the cavity was monitored with PD 1, as shown in Figure 4.7
and is discussed in the next paragraph. After this, the first cavity was kept off-resonance and
the strong control beam was overlapped with the 1064 nm local oscillator at a 50:50 beam
splitter with the help of the diagnostic mode cleaner. This procedure ensures a fully aligned
setup.

Figure 4.7 presents the Airy distribution of the first cavity zoomed in around one Airy peak.
Red traces show the 1064 nm Airy peak, which corresponds to the fundamental mode. Shown
in green is the 532 nm Airy peak, which allows us to select the differential phase between
FM and HOM through the cavity’s phase response, as discussed in Section 1.1.1. The gray
highlighted mode is used to stabilize the cavity and therefore the cavity phase response. One
special case needs to be highlighted: Φ = π/2, which corresponds to the cavity being doubly
resonant for both fields.

The heart of this experiment is the differential phase between the FM and HOM. This can
be adjusted through the phase acquired by detuning the first cavity from perfect resonance,
as seen in Section 1.1.1. Other phases, such as the Gouy phase or the cavity coupling phases
acting on different modes, were unknown. However, the combination of all tunable parameters
allowed us to explore the full range of differential phases.
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Figure 4.7: Airy peaks of 1064 nm (monitored at PD 2) and 532 nm (monitored at PD 1) of
cavity one are shown. We used the green laser as length stabilization beam for this cavity at
different phases with respect to the 1064 nm resonance peak. For this purpose, various modes
of 532 nm were optimized; those used for stabilization are highlighted in gray, while all other
modes of the 532 nm light can be ignored, as they do not contribute to the experiment.

4.2.2 Analysis and Result Presentation
Externally modifying the phase of the 1064 nm beam via a phase shifter allows us to meas-
ure the distribution shown in Figure 4.8. An evolution of the Airy distribution for different
frequency stabilization points of cavity one is shown. Two important regimes can be identi-
fied. First, the so-called off-resonance case, which is defined by a near-perfect mode matching.
Second, the on-resonance case, here the mismatch was introduced. The names off-resonance
and on-resonance are defined by the Airy peak position of the 532 nm in relation to the 1064 nm
resonance peak and can be identified in Figure 4.7. In this context, off-resonance is far from
double resonance, whereas on-resonance refers to Φ = π/2 and double resonance. It can be
seen that the evolution from off-resonance to on-resonance introduces losses. This is evident
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from the reduction in the intensity of the main peaks and the growth of the HOM.
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Figure 4.8: Higher-order mode evolution of cavity 1 using PD 1 as monitoring source by
tuning the cavity length can be seen.

The above characterisation confirms how the intentional mismatch manifests itself in the spa-
tial modes of the reflected field. With these regimes identified, we now investigate their effect
on the quantum noise by analysing the squeezing and anti‑squeezing variances.

Left panel of Figure 4.9 presents the normalized relative noise level as a function of length tun-
ing of cavity one. The top panel shows the anti-squeezed variance (red dots), and the bottom
panel shows the squeezed variance (blue dots). Both squeezing and anti‑squeezing decrease
when tuning onto resonance (gray highlighted area) and reach the baseline level.

The first indication that hot SMM is not observed comes from comparing the measured squeez-
ing with the expectation for classical loss, calculated using Equation 4.3. For the given losses
of 19 % and an initial squeezing of (-5.8 ± 0.5) dB, we expect a resulting squeezing level of
(-4.5 ± 0.5) dBB, shown as the baseline (purple line).

Baseline squeezing Calculated losses by:
   Squeezing and
   Anti-squeezing
   Reference field

Squeezed variance

Baseline lossAnti-squeezed
variance

Figure 4.9: (a) Measured squeezed and anti-squeezed variance tuning the length of cavity one.
Both variances approaching the shot noise level, indicating classical loss. (b) Comparison of
the losses once through the given squeezing and anti-squeezing variances, and an interference
measurement, alias reference field or the cold SMM (more information given in the main text).
Both measurements behave similarly, showing that the loss is only classical and not hot SMM.

Right panel of Figure 4.9 visualizes the losses during the length tuning. The loss ηQU (dark
green diamonds) was calculated from the measured squeezing and anti‑squeezing values using
Equation 3.8. The same procedure was repeated with the strong control beam instead of the
squeezed field. Here, the interference between the control beam and the local oscillator was
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used to derive the corresponding loss ηDC (bright green dots) , calculated from the relation

ηDC =
(

1 − Imeasured
Imin

)2

. (4.6)

Where Imeasured is the measured interference over the full time and Imin the minimum of it, both
normalized by dark counts. The dips are artifacts of the data acquisition system.

In summary, it can be said that hot SMM was not observed in the case of a single cavity.
This is because the observed behavior of the squeezing variance when tuning the length of the
first cavity can be explained by the classical loss theory of squeezing. Returning to the initial
statement made at the beginning of this chapter that the second cavity in Figure 4.3 can be
replaced by an LO, this assumption has been disproved. The physical picture behind this is
the following: a mismatch at cavity 1 reflects a HOM together with the FM towards the homo-
dyne detection setup. Since the local oscillator was chosen in the FM, the detector extracts
only the information carried by the FM component. As a result, the mismatch introduced at
cavity 1 appears purely as classical loss. In this configuration, the LO therefore provides a too
weak coupling between the reflected FM and reflected HOM to reveal any quantum effect. In
principle, choosing an LO with the same mode shape as the reflected field, that is, the same
combination of FM and HOM, would improve the coupling strength and could potentially
reveal quantum behavior. Instead of generating such a tailored LO, we chose to couple the
reflected modes back into a single mode using a second cavity and to analyse the resulting
field with the given LO.
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4.3 Experimental Demonstration of Hyperloss
As shown in the previous section, the coupling with a local oscillator is too weak to reach
the hyperloss regime. Therefore, in this section we analyze the coupling with a second cavity,
resulting in a quantum network consisting of two cavities.

4.3.1 Schematic Demonstration of the Experiment
In this subsection, I provide a schematic overview of the two‑cavity configuration used to in-
vestigate the stronger mode coupling required to reach the hyperloss regime. The aim is to
outline the structure of the setup and to highlight how it extends the single‑cavity arrangement
discussed in the previous section, before moving on to the detailed alignment and measurement
procedures.

In Figure 4.10 the schematic of the experimental setup is shown. I will not go into every detail
here, as the setup is an extension of that shown in Figure 4.6, but I will focus only on the part
from the first cavity onwards. More detailed explanations of the previous part can be found in
Section 4.2.1.

Details for the squeezing cavity and for cavities one and two are summarized in Table 4.2.

Table 4.2: Optical properties of the used cavities.

Squeezing Cavity Cavity 1 Cavity 2
Wavelength (nm) 1064 1064 1064
Finesse 66 53.8 79
Free spectral range (GHz) 5.28 33.3 1.3
Linewidth (MHz) 80 618 16.5

A custom optical diode, consisting of a quarter waveplate, a half waveplate, and a polarizing
beam splitter, was used to separate the reflected fundamental mode LG00 (pink line) and
higher-order mode LG01 (violet line), with respect to the eigenbasis of cavity 1, from the enter-
ing light. The reflected beam was matched to a triangular cavity, cavity 2, by length stabilizing
cavity one at double resonance (Φ = π/2). The reason for using a triangular‑shaped cavity was
to minimize optical loss without using another custom optical diode or Faraday isolator, and
to simplify handling. In principle, we see no problem in doing this with two Fabry-Perot-like
cavities. Both modes were combined at cavity two, and the reflected quantum state was then
measured via a homodyne detection system (highlighted blue) with a custom transimpedance
amplifier stage and a 1064 nm local oscillator. With this alignment strategy we get a fully
aligned setup and have control over each mode matching.

All cavities were designed to be resonant for the fundamental LG00 mode and anti-resonant for
higher-order modes. A mismatch was introduced at cavity 1 using a pair of lenses such that
(8 ± 1) % of the light was coupled into a higher-order mode. The LG01 mode, highlighted in
pink, was selected, while cavity 1 was stabilized off resonance (see Figure 4.8). However, this
also means that the perfect mode matching is far from the double resonance. For simplicity,
we used Laguerre-Gaussian modes, although the experiment can equally be performed using
Hermite-Gaussian modes. To ensure that the field entering the second cavity was perfectly
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mode-matched to its LG00 eigenmode, we introduced a second set of lenses that compensated
the initial (8 ± 1) % mismatch.

Cavity setup

Figure 4.10: Schematic description of the experimental setup for a small two-cavity network.
Two sections are presented: a simple illustration on the left, and the detailed experiment on the
right. The experiment was performed using squeezed light at 1064 nm. We introduced a ± 8 %
mismatch with a set of lenses (highlighted in red) for cavity 1, which resulted in a combined
reflection of Laguerre-Gauss modes (LG00 and LG01). An additional set of lenses perfectly
mode-matched the reflected and out-coupled light to cavity two, thereby compensating the
initial mismatch and yielding a pure LG00 mode. Afterwards, it was overlapped with a local
oscillator at a 50:50 beam-splitter and detected using a custom homodyne detector (highlighted
in blue).

The heart of this experiment is the differential phase between the FM and HOM. This can be
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adjusted via two methods: first, by detuning the first cavity from perfect resonance (using the
green‑beam stabilization), and second, by continuously tuning the second cavity to imprint a
phase shift on the FM. Other phases like the Gouy phase and coupling phases of the cavities,
acting on the different modes, were unknown. However, the combination of all tunable para-
meters allowed us to observe the full range of possible differential phases.

For the measurements, cavity one was length-stabilized at different points while the length
of cavity 2 was tuned using a piezo actuator. The sampling rate of the local oscillator was
significantly higher than that of cavity two, allowing the full phase information of the homodyne
measurement could be obtained at a sampling point of cavity two. Our custom homodyne
detector has two output ports for the DC and AC signals (the DC signal is high‑pass filtered).
Both outputs were recorded using an acquisition card, made by Advantech model PCIe-
1840L, with a sampling rate of 80 MHz and an anti-aliasing filter at 20 MHz. The DC port
was used to record the beat between the weak reference beam and the local oscillator, and
the AC port for recording the squeezed light field. It should be noted that the DC port was
low-pass filtered to remove noise from the squeezed state, which was not phase synchronized
to the DC reference.

4.3.2 Results
We used full-state tomography, that is, homodyne measurements over the full range of local-
oscillator phases, to record the noise variance as a function of measurement frequency. The
result is shown in Figure 4.11. Each column describes a different regime, and we switch the
regime by changing the differential phase between the fundamental and higher-order mode. By
selecting an alternative stabilization point at the first cavity, the system acquires a different
initial differential phase between the modes, which is subsequently adjusted at the second
cavity. The resulting phase, which arises from the combination of the initial phase and the ap-
plied tuning, is referred to as the differential phase (∆ϕ1 and ∆ϕ2). This distinction is defined
as regime one and regime two, as the scan rate of the second cavity and the accumulated
propagation phase remains the same. On the left side, the hyperloss regime is presented, and
on the right side, the recovery regime. This separation between the two regimes is important
because one adds additional loss to the system, while the other reduces it.

At the same time, we recorded the cold SMM by measuring the power loss of the weak control
beam, obtained from the beat signal between the weak control field and the local oscillator.
This measurement, shown in the top row, provides an estimate of the expected classical losses,
which vary between approximately 65 % and 40 %.

In the second row on the left, we show the hot SMM, illustrating the transition of a quantum
state (orange points) into a thermal‑like state (red points). We observe a total loss of the
(5.8 ± 0.5) dB squeezed field below the shot noise level (gray line) and its transformation
into a thermal‑like state with approximately (1.4 ± 0.5) dB (red dots) above the shot-noise
level. This behavior directly reproduces the physical picture described in Section 4.1. Crucially,
the cold SMM (top row) cannot account for the observed decoherence: using the measured
cold losses to calculate the expected squeezing variance (Appendix A.5) does not reproduce
the behavior observed in the hot case. This confirms the genuinely quantum nature of the
hyperloss and highlights the fundamental difference between the hot and cold SMM.
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Figure 4.11: Splitting the figure in two columns, left side describes the hyperloss regime
and the right side the recovery regime. The differential phase decides in which regime the
system operates. Top row: cold SMM effect as power loss on the coherent field as a function
of the differential phase between fundamental mode and higher-order mode. In violet the loss
level as treating the mode mismatch as direct optical loss is shown, we call this ”Baseline
loss”. The second row: the minimal measured quantum variance (squeezed field) versus the
differential phase is shown. A thermal-like state with around (1.4 ± 0.5) dB noise above the
shot noise level was reached, this is the hyperloss, because all squeezing is lost. Choosing a
different differential phase, allows to recover up to 5.2 dB of initial 8 dB squeezing, seen as the
noise drops below the baseline squeezing (applying the baseline loss on the initial squeezing
value), meaning the 15 % mismatch acts like approximately 2.8 %. The third row: shows a
spectrogram of the full data set of the minimal noise variance versus the frequency and the
differential phase. Here, we chose a slice at 3.75 MHz (white line) for the first and second
rows. Bottom row: presents a theoretical simulation with the use of independently measured
parameters from the setup, the only fitting parameter was the Gouy phase, leading to a similar
behavior as measured. Dotted gray lines serve as guidelines.

The opposite behavior is shown on the right side of the second row in blue dots. By carefully
adjusting the differential phase, the system enters the recovery regime. In this regime, up to
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12 % of the correlations lost due to the introduced mismatch are recovered relative to the
baseline squeezing, as explained in Section 4.1.

The third and fourth rows present a spectrogram of the observed noise variance as a func-
tion of the measurement frequency and the tuning of the second cavity, i.e., the differential
phase. This representation illustrates the frequency dependence of the SMM. Importantly, this
behavior can be tuned by adjusting experimental parameters, allowing access to any desired
frequency range. A comparison between the experimental data (third row) and theoretical sim-
ulations (fourth row) shows strong qualitative agreement, demonstrating a solid understanding
of the underlying physics. A detailed description of the theoretical model can be found in our
paper [94].

Cavity 1 provides five distinct frequency stabilization points, shown in Figure 4.7. Stabilizing
the cavity at each of these points generates a different initial phase, which in combination with
the second cavity yields five differential phases ∆ϕ1 to ∆ϕ5. These phases give rise to five
distinct operational regimes, illustrated in Figure 4.12. Five distinct manifestations of mode
mismatch are covered by these regimes, ranging from strongly mixed states to near‑coherent
recovery.

Figure 4.12: Evolution of hyperloss as a function of five different length stabilization points of
the first cavity; the maximum is reached at Φ3. The top row depicts the cold SMM, the middle
row a slice at 3.75MHz, and the bottom row the spectrogram. For clarity of presentation, only
every fourth data point is shown in the middle row.

The top row shows the corresponding cold SMM, derived from the beat between the weak
control beam and the local oscillator. Presented in the second row are the hot SMM, displaying
both strongly thermal‑like transitions and coherent recovery relative to the baselines. Among
these regimes, Φ3 corresponds to the maximal thermal-like state, while Φ2 shows the strongest
recovery. The remaining regimes interpolate between these two extremes.
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In the third row, a spectrogram of the noise variance is shown, with the white line marking
the frequency (3.75 MHz) at which the cold and hot SMM slices above were taken.

Traditional Squeezing Zero‑Span Variance Measurement

Thermal-like
stateQuantum state Quantum state

Anti-squeezing

Squeezing

Shot noise

Figure 4.13: Top image: Illustrates the transfer of a quantum state to a thermal-like state
and back by tuning the length of cavity 2 at a measurement frequency of 3.75 MHz for the
hyperloss regime (Φ3). The quantum states are represented by anti-squeezing (light red),
squeezing (blue) and the thermal-like (bright red) state is highlighted in yellow. Bottom left:
Spectrogram of squeezing. The vertical white line indicates the point of the slice corresponding
to the top image, while the dashed horizontal white line marks the position of cavity 2 with
the most hyperloss. Bottom right: Spectrogram of anti-squeezing.

To further investigate the hot SMM, Figure 4.13 provides a detailed zero-span analysis of the
squeezing and anti-squeezing signals. The bottom row shows spectrograms of squeezing (left)
and anti‑squeezing (right) as a function of the measurement frequency, ranging from 2.5 MHz
to 9.25 MHz, and the tuning range of cavity two. A slice at 3.75 MHz is shown in the top
panel. Tuning the length of cavity two reveals the evolution of the minimum‑noise state from
quantum to thermal and back. Quantum states are distinguished by anti-squeezing (light red
dots, top half) and squeezing (blue dots, bottom half), with the thermal state highlighted in
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yellow. A clear transfer from approximately (2.5 ± 0.5) dB below the shot noise level to ap-
proximately (1.4 ± 0.5) dB above the shot noise level and back can be observed, with red dots
indicating the thermal-like measurement points. At this point, it is important to note that the
uncertainties are dominated by the evaluation procedure, as discussed in Section 4.3.3. Note
that this figure shows a zoomed‑in section of the data presented in the previous Figure 4.11.
This agrees with the analytical simulation in Figure 4.5. Meanwhile, anti-squeezing increases
throughout the full tuning-length range.
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Figure 4.14: Phase noise estimation.

An increase in anti-squeezing and
a decrease in squeezing directly in-
dicate non-classical behavior. In Fig-
ure 1.12 the effect of classical loss
on squeezed light was simulated,
using the analytical Equation 1.48,
detailed explanation can be found
in the theory Chapter 1.3.3. For
the sake of completeness, we also
checked the phase noise of the
source generating the SMM, as
shown in Figure 4.14. In this meas-
urement, both cavities were set to
off‑resonance, and squeezing (blue
dots) and anti‑squeezing (red dots) were measured at different pump powers relative to the
threshold power Pthr = (120 ± 12) mW of the squeezer resonator. The uncertainty is given as
10 % based on the power meter Ophir model Nova II. Our results are verified by theory using
the analytical Equation 1.46, leading to a phase noise of (10 ± 1) mrad. This is comparable
to what other experiments achieved that were using similarly complex quantum networks [96].
Taken together, these results demonstrate the hyperloss effect.

4.3.3 Classical Calibration Analysis
We have estimated our classical loss contribution; the results can be seen in Table 4.3. Most
components are specified by the manufacturer, e.g., the general propagation loss towards the
homodyne detection. This is relatively minor due to the use of high-quality mirrors (R ≥ 99 %)
and is provided by the manufacturer Laseroptik. The same applies to all other common
components such as Faraday isolators, lenses, photodiodes, and dichroic beam splitter.

We defined a group of optical components, referred to as Set 1, because these elements could
not be distinguished or measured individually. This set was measured as a single component
using a power meter, and the individual losses were estimated accordingly. The accuracy of
these estimations is limited by the 10 % measurement precision of the power meter Ophir
model Nova II.

The escape efficiency of the squeezed light source is given by T
T+L , where T is the transmissiv-

ity of the coupling mirror and L is the sum of all round-trip losses. These include scattering and
absorption losses, as well as residual transmission through the crystal’s imperfectly reflecting
rear face. The manufacturer provided the transmissivity of the coupling mirror and the crystal
characteristics, which were then used to determine the escape efficiency and convert it to the
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Table 4.3: Overview of all optical losses

Source Loss (%)
Propagation loss 1
Faraday isolator 2.3
Lenses 0.3
DBS front squeezer 0.1
DBS front cavity one 0.5
Waveplate 0.2
Set 1 measured: 16.3 ± 10.0
PBS, λ/4-waveplate, Mirror, Cavity 1
Intracavity on-resonance 0.3
Intracavity off-resonance 1.1
Escape efficiency as loss of the squeezer 1 ± 0.1
Quantum efficiency of photodiodes 0.5
Visibility 2 ± 0.2
Phase noise equivalent (0 to 4) ± 0.1
Estimated losses (26.3 to 30.3) ± 10.4

loss (η − 1).

Interference measurements were used to analyze the overlap between the local oscillator and
the squeezed light field. For this purpose we used the well aligned control beam, instead of
the squeezed beam and measured its interference with the local oscillator at the beamsplitter
of the balanced homodyne detector. Quantification was done by using the visibility as given
by Equation 1.56.

Note that the limit on the squeezing value we calculated using the classical loss values cannot
be directly compared to the (measured) squeezing values, as the conditions were slightly
different for each measurement, specifically in terms of phase matching temperature, pump
power, and data evaluation. Since phase matching and pump power influence the highest
observable squeezing as described in Section 1.2.2 and 1.3.3, we always aimed to obtain the
maximum squeezing and anti-squeezing values. Estimating the introduced loss for cavity one
is not trivial, since PD 2 was sensitive to the individual modes differently depending on the
beam position.

Data Evaluation and Choice of the Digital Filter

Data were acquired using a data acquisition card and subsequently post-processed with digital
filters. The AC and DC channel signals were divided into time bins ibins, with each time bin
containing 51.2 M samples.

Starting with the analysis of the DC signal (beat between the weak control beam and the
local oscillator): for each time bin, we extracted the corresponding amplitude A[ibins] from the
recorded trace. To remove slow drifts and offsets, we determined the maximum and minimum
value of the signal within each bin and defined a cleaned amplitude

A[ibins]clean = A[ibins]max − A[ibins]min. (4.7)
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This corresponds to extracting the peak‑to‑peak amplitude within each time bin. The corres-
ponding output power was then obtained as

P[ibins]out = A[ibins]2clean (4.8)

Applying the same procedure to the off‑resonance case yielded the reference power P[ibins]in.
From this, the cold spatial mode mixing was calculated using Formula 4.1. The AC signal was
used to estimate the hot SMM. A spectrogram was computed using the scipy.signal.spec-
trogram function from the ‘scipy‘ Python package (Python version 3.8.8 and ‘scipy‘ version
1.6.2), with the parameters listed in Table 4.4.

Table 4.4: Parameters used for the scipy.signal.spectrogram function.

Parameter Value
Sampling frequency (fs) 80,000,000
Segment length (nperseg) 256
Overlap between segments (noverlap) 128
Window type (window) Tukey, shape parameter 0.25
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Figure 4.15: Squeezing as a function of the moving average filter from our spectrogram data
at 3.125 MHz (red dots) for the strongest coupling and a reference case with both cavities
off-resonance (blue dots). Draft image by M. Sc. Grebien; revised and adapted for this work
by the author.

To reduce statistical noise introduced by the power estimation, the spectrogram was smoothed
using a moving average filter (MAF) with a size of 100. Choosing the MAF size has a sig-
nificant impact on the result, either leading to overestimation or underestimation, as shown
in Figure 4.15. Squeezing as a function of MAF size is shown for both the hyperloss regime
and the reference case. Two counteracting effects influenced the observed squeezing. First,
a small systematic error in the power calculation, arising from the peak‑to‑peak amplitude
extraction described above, led to a slight overestimation of the squeezing level. Second, the
moving‑average filter applied to the time‑series phase angle introduced excessive temporal
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smoothing, which in turn underestimated the squeezing by averaging out fast phase fluctu-
ations. In other words, a small MAF size results in a larger inaccuracy in power estimation but
a smaller phase angle, and vice versa.

Estimating the expected squeezing level from the given classical loss (green line) with the
reference case offers a reasonable basis for selecting an appropriate MAF size. Figure 4.16
shows the evolution of the moving average filter size as spectrograms of the hyperloss regime,
given as a function of the measurement frequency and the tuning of cavity two. Three regions
can be identified:

MAF ≤ 100: This range largely overestimates squeezing.

MAF between 100 and 1000: The overestimation steadily decreases until squeezing be-
comes underestimated.

MAF ≥ 1000: Artifacts appear due to averaging over large phase variations combined with
a drifting phase of the squeezed state, since the phase was not stabilized to the local
oscillator.

Figure 4.16: This figure shows squeezing spectrograms for different moving average filter
sizes. Further details are explained in the text. To improve the visibility of the color gradient,
the color bar was normalized to 30 %.

4.3.4 Simulation of a Quantum Network
To examine the impact of mode mismatch along a single path within a large‑scale quantum
network, such as gravitational‑wave detectors or continuous‑variable cluster‑state quantum
computers (CVQC), we extend the basic model from the previous chapter, as shown in Fig-
ure 4.17(a). Consider a series of mixing components, each described by the coupling strength
ki and differential phase ϕi, assuming equal coupling strength ki = k and equal phase shifts
ϕi = ϕ for simplicity. In a real network, these parameters can vary at each node and the system
becomes much more complex to simulate. This simplified model is intended to provide an initial
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intuitive impression. A comprehensive model is still required to predict precise numerical results.

Figure 4.17(b) shows the expected squeezing level as a function of the overall differential phase
shift for two different mode mismatch values.

Case one describes a 1 % mismatch per node. After 10 nodes, the mismatches result in 10.2 dB
below shot noise, shown as horizontal blue line. This level is sufficient for a fault tolerance
level of 10 dB below the shot noise, in CVQC. However, when hot SMM effects are taken into
account, as shown as dashed blue lines, this leads to 55 % of the system being insufficient
for the fault tolerance. At the same time, careful optimization of the phase can achieve fault
threshold with squeezing values around 15 dB, which are not initially expected, and is in the
same level range as the initial squeezing.

In the second case, assuming 2 % mismatch per node, the incoherent model predicts insufficient
squeezing with respect to the fault tolerance. However, by optimizing the differential phase,
the system can recover enough squeezing to reach the tolerance, which in this scenario is
achieved in approximately 25 % of the cases.
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Figure 4.17: Left side illustrates a simplified setup of the quantum network with multiple
mixing components, each experiencing SMM at every node. Right side displays the relative
noise level as a function of the overall differential phase for two cases: case one assumes a 1 %
loss at each node (blue), while case two assumes a 2 % loss (red). The simulation is simplified
by assuming equal coupling strength and phase shift at each component and simulating 10
nodes. Additionally, a tolerance of -10 dB for CVQC is implemented (green area); any squeezing
above this tolerance is not considered useful for computation, thereby limiting the operational
phase range. In case one, the incoherent loss model predicts sufficient squeezing for fault
tolerance (blue baseline). In contrast, case two does not allow fault tolerance (red baseline).
Considering hot SMM effects reveals a significant fraction of insufficient squeezing in both
cases. However, by optimizing the differential phase, a fault tolerance network for both cases
can be achieved. Image originally created by Dr. Korobko and adapted for the present work.
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4.4 Conclusion and Outlook
The work presented in this chapter provides the first experimental demonstration of hyperloss.
This is a decoherence mechanism that arises from spatial mode mixing in squeezed light exper-
iments. In contrast to conventional optical loss, which couples the squeezed field to vacuum
fluctuations, hyperloss can drive the state into a thermal-like regime and thereby remove all
quantum advantage. At the same time, the nature of spatial mode mixing offers a potential
solution for hyperloss. It appears only for specific differential phases between the fundamental
and higher-order modes, which are generated by mismatched cavities. For other differential
phase settings, the effect of mode mismatch becomes very small and the influence of this loss
channel on the squeezed field is strongly reduced. This identified the differential phase as the
central parameter of spatial mode mixing.

For future experiments, this means that the optical design must explicitly consider the differ-
ential phase. Possible strategies include adjusting optical path lengths to compensate accumu-
lated Gouy phase, adding auxiliary cavities to control the model phase, or preparing squeezed
higher-order modes to reduce the sensitivity to mode mismatch [92]. Thermal effects, such
as thermally induced lensing, can also modify the model phase over time. In such situations,
active control using adaptive optics may be required [97].

Spatial mode mixing is therefore relevant for any quantum‑correlated network that relies on
strongly squeezed light. Although originally theorized for gravitational‑wave detectors [91],
our results indicate that the same mechanism may contribute to the currently unexplained
losses observed in gravitational‑wave observatories [96]. This effect is also expected in several
other photonic platforms, such as Gottesman–Kitaev–Preskill (GKP) states and modern er-
ror‑correction schemes [98, 99, 100, 101], as well as in large‑scale interferometers [102].

In this work, for simplicity we deliberately introduced only one specific higher-order mode.
However, in real experiments, each interface typically introduces an independent set of modes
with varying coupling strengths. This complexity complicates the design of hyperloss-immune
systems, but the fundamental concept remains unchanged: hyperloss can be managed by
controlling the differential phases between the modes. An alternative approach would be to
detect higher‑order modes individually and attempt to reverse the mixing. This approach is,
however, difficult to implement because it would require a large number of detectors and
optical paths. For this reason, most experiments focus on phase-engineering techniques such
as Gouy-phase control or cavity detuning rather than explicit multimode detection.
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Concluding Remarks and Future
Directions

5.1 Summary and Conclusion
Future generations of gravitational-wave observatories aim for significantly higher sensitivity,
and thus a larger detection range, than current detectors. Achieving this requires substantial
improvements in overall detector performance. Prominent noise sources include thermal noise
in the mirror coatings, arising from thermally driven microscopic motion, and quantum noise
caused by fluctuations in the photon number. Thermal noise can be mitigated by cryogenic
operation of the mirrors, which necessitates new coating materials and therefore new operating
wavelengths. Wavelengths in the 2 µm region are considered promising in this context. Oper-
ating at such wavelengths requires the development of new technologies, including low-noise,
high-power laser systems and audio-band squeezed-light sources for quantum-noise reduction.

This thesis evaluates and optimizes technologies based on 2128 nm, one of the most promising
candidates for future cryogenic GWOs, and is structured around three main goals. First, a
laser generating up to 20 W at a wavelength of 2128 nm with high mode purity and low laser
noise was demonstrated. This was achieved using a degenerate optical parametric oscillator
pumped by a 1064 nm high-power laser, whose setup is similar to the configuration used dur-
ing LIGO’s third observation run. Moreover, it was found that the technical noise level of
the converted light can be reduced by a factor of two compared to the noise of the pump
laser, revealing a previously unreported noise reduction mechanism in this nonlinear conver-
sion process. Second, a shot-noise reduction of more than 3.3 dB in the audio band at 15 kHz
was achieved. It was also shown that the dark noise of the corresponding photodiodes can be
reduced by more than 15 dB when cooled, although this improvement comes at the cost of
reduced quantum efficiency. The self-built Faraday isolator achieved a transmission of 89 %
and isolation of 33 dB. Third, it was demonstrated that higher-order spatial modes reflected
by an insufficiently mode-matched cavity can couple into the fundamental mode, a general,
wavelength-independent effect in squeezed-light systems that can potentially transform the
squeezed state into a thermally dominated one and thereby add excess noise. This effect can,
however, be mitigated by optimizing the relative phase of the fields.
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The experimental performance achieved in this work is ultimately limited by several funda-
mental and technical constraints. In the high-power laser system, the achievable conversion
efficiency is limited by thermal effects in the cavity, which reduce the cavity’s frequency sta-
bility and thereby restrict the conversion power at a given pump level. For the detection of
squeezed states, the quantum efficiency of the photodiodes constitutes an intrinsic limitation.
Additional constraints arise from the relatively high dark-noise level of the detection system,
primarily originating from the signal analyzer and the homodyne detector, as well as from im-
perfect spatial mode overlap between the local oscillator and the squeezed field. This overlap
can be further affected by the stability of the OPO cavity’s degeneracy condition.

Other implementations in the 2 µm region have also seen substantial progress, which provides
important context for the results of this work. These advances are complementary rather than
competing: for example, systems operating around 1990 nm have achieved shot‑noise suppres-
sion at lower frequencies, and first high‑power prototype sources have been demonstrated, al-
though their performance is currently limited by beam quality, a constraint that does not affect
the configuration investigated here. These results therefore fill a gap within the broader 2 µm
research landscape, where different wavelengths address different technological constraints. In
parallel, a photodiode design concept emerging from semiconductor research predicts quantum
efficiencies well above 95 % at wavelengths around 2 µm.

In the broader context of 2 µm platforms, these results represent important steps toward
establishing 2128 nm as a promising operating wavelength for future cryogenic GWOs. They
provide a foundation for further development of key technologies, including low-noise high-
power laser systems, squeezed-light sources, advanced photodetectors, Faraday isolators, and
quantum-network architectures based on squeezed states.
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5.2 Outlook

Despite the progress achieved in this thesis towards establishing 2128 nm light as a primary
wavelength for future cryogenic gravitational-wave observatories, several key technological chal-
lenges remain. One major challenge is the realization of a high-power laser source that meets
requirements of more than 100 W output power while simultaneously fulfilling stringent con-
straints on beam quality, stability, and laser noise. Current technologies are limited either by
insufficient spatial beam quality, inadequate output power, or laser noise. Another key chal-
lenge is the generation and detection of squeezed light at frequencies below 100 Hz, where
technical noise sources dominate. This task is further constrained by the limited performance
of existing photodetectors at 2 µm, particularly in terms of quantum efficiency and dark noise.
In addition, wavelength-independent limitations arise from coupling between different optical
modes in squeezed-light–based quantum systems. In particular, mode-mismatch-induced coup-
ling between higher-order and fundamental spatial modes remains insufficiently understood in
complex quantum networks and requires further investigation.

To address the aforementioned challenges, several improvements and extensions to the current
experimental setup and methodology can be envisioned. For the high-power laser system, a
comprehensive redesign of the cavity configuration, including mirror reflectivities, intracavity
beam waist, and potentially the nonlinear crystal, could enable significantly higher output
power. In addition, improved thermal stabilization of the crystal, for example through en-
hanced heat sinking or additional Peltier elements, would allow for more precise temperature
control than achieved in the present setup. For squeezed-light detection, reducing the dark-
noise contribution of the detection chain by further optimizing the spectrum analyzer and the
homodyne detector would enable the observation of squeezing at frequencies below 100 Hz.
Achieving higher levels of squeezing will require photodiodes with improved semiconductor
structures, such as GaInAs/AlInAs-based devices, which have already demonstrated quantum
efficiencies of up to 95 %. An alternative approach employs second-harmonic generation of the
2128 nm field to obtain 1064 nm light, where high-quantum-efficiency photodiodes are readily
available for squeezing measurements. Alternatively, the squeezed field can be amplified prior
to detection, as demonstrated in [103]. Long-term stabilization of the degenerate operating
point of the optical parametric oscillator is essential, as it is highly sensitive to environmental
perturbations such as temperature fluctuations, humidity, airflow, and optical back reflections.
These effects may drive the system away from degeneracy. A promising approach is the use of
a 1064 nm reference derived via second-harmonic generation, which can be locked to the pump
field for stabilization. Alternative approaches include locking to narrow gas-absorption features;
however, no suitable transition at 2128 nm is currently known. Further improvements can be
achieved through enhanced environmental shielding, a low-loss Faraday isolator at 2128 nm,
and tighter laboratory environmental control. Finally, constructing a quantum network con-
sisting of more than two cavities, as presented in this work, to study mode coupling presents
substantial experimental challenges. Each cavity must be precisely controlled, the Gouy phase
along the propagation path must be carefully managed, and optical losses must be minimized
to maintain measurable levels of squeezing.

If the aforementioned improvements are implemented, a fully operational high‑power 2128 nm
laser system together with a stable source of strongly squeezed light could be deployed in test
facilities such as ETpathfinder [12]. This would allow the verification of expected sensitivity
improvements and enable investigations of long‑term performance under realistic interfero-
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meter conditions. In parallel, further experiments on large-scale optical quantum networks
would make it possible to develop a comprehensive theoretical model of mode coupling and
quantum‑state propagation in multi‑cavity networks. This model could then be transferred to
and experimentally validated in emerging large-scale optical networks.

The technological developments presented here extend far beyond the field of GWOs. Stable,
low‑noise, high‑power laser sources at 2 µm are of great relevance for material studies, in-
cluding coating investigations and absorption measurements, as well as for advanced spec-
troscopic techniques and biological sensing. Furthermore, optical clocks increasingly rely on
ultra‑low‑noise laser systems, and there are proposed clock architectures that are designed to
operate at wavelengths around 2 µm. The results of this work may therefore support the develop-
ment of next‑generation frequency standards. In addition, the availability of high‑performance
laser and squeezing technologies in this wavelength regime opens new possibilities for fun-
damental research in opto‑mechanical systems and quantum communication in a previously
unexplored spectral window.
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Appendix

A.1 Hitchhiker’s Guide to a Degenerate State in an OPO
A degenerate optical parametric oscillator can be operated for various purposes. The degenerate
state plays a central role in its use as a laser. In the following, I provide several hints as well as
practical tips and tricks that helped us to reliably identify the degenerate state and maintain
stable operation.

Finding the Degenerate State

In my experience, there were two reliable methods for identifying the degenerate state.

Temperature tuning: Our crystal was temperature‑stabilized using two Peltier elements: a
larger Peltier element for the main crystal body and a smaller one for the curved surface
(see Figure 2.2). The temperature of the main body (T1) played a decisive role in
locating the degenerate point. The simplest approach was to set both temperatures to
the same value (T1 = T2). We found that this only worked reliably when the system
was tuned from higher to lower temperatures; when tuning in the opposite direction, the
degenerate state was often missed.

Mechanical impulse: If the temperature is already set and the degenerate state has been
observed at least once, a useful trick is to apply a slight mechanical impulse to the
optical table; varying the position of this impulse can sometimes help. Another option
is to apply an electrical impulse to the cavity piezo, although in my case this method
was generally less effective.

Maintaining the Degenerate State

After finding the degenerate state, it can happen that external influences cause it to be lost
again. Here is my list of potential sources of interference and how I fixed them, as well as
methods to make the degenerate state more robust.

Temperature tuning: As discussed above, setting T1 = T2 makes it straightforward to find
the degenerate state. Once the degeneracy has been located, however, T2 becomes the
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more critical parameter, as it increases the stability of the degenerate state in addition
to its other functions. In my setup, T2 was typically set significantly below T1.

Mechanical impulse: During alignment work, it is sometimes essential to maintain the degen-
erate state. I observed that pushing the mirror mounts can easily disrupt the degeneracy.
My approach was either to push very gently while keeping the pushing hand in as much
contact as possible with the optical table, or, more time‑consuming but sometimes ne-
cessary, to push and then re‑establish the degenerate state afterward. Occasionally one
adjustment led to another...

Enclosing the table: For critical measurements, it was important to enclose the optical table
as completely as possible to prevent air fluctuations or temperature changes from affect-
ing the cavity.

Lab conditions: As implied above, stable room conditions are crucial. This includes maintain-
ing a constant temperature and, ideally, minimizing air currents and other environmental
noise sources. In my experience, temperature variations and air currents were the most
disruptive factors.

Reflections: Unwanted back‑reflections caused by insufficient AR coatings can couple back
into the cavity and affect its stability. In particular, they can shift the bistable state (see
Source [104, 105]), thereby altering the phase of the light field. More generally, they can
also destroy the degeneracy altogether. What helped in my case was using high‑quality
AR‑coated optics, integrating a Faraday isolator into the system, and slightly tilting
certain optics so that any residual back‑reflection does not directly re‑enter the DOPO.

Clarification of the Wavelength Used

In this thesis, the focus is primarily on platforms operating at a wavelength of 2128 nm. But
this value is rounded: the datasheet indicates that the pump laser operates at 1064.x nm [106],
which the gravitational-wave community traditionally refers to simply as 1064 nm. When the
actual pump wavelength is doubled, the resulting value lies between 2128 nm and 2129 nm;
more precisely, it is closer to 2129 nm. In this work, however, the pump wavelength was
not checked or verified in detail. Moreover, multiple pump lasers from the same company
and model were used across the different experiments, so that the effective pump wavelength
could differ between setups. Therefore, and also for historical reasons, I decided to use 2128 nm
throughout.
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A.2 Hamiltonian Analysis of Noise Conversion in a DOPO
The following is a quantum mechanical analysis of noise conversion, calculated by Dr. Mikhael
Korobko and included in my thesis for the sake of completeness. This derivation can also be
found in our paper [34]. In this appendix, Dr. Mikhael Korobko calculates the conversion effi-
ciency, noise contributions, and the noise transfer factor for the RIN, according to Equation 2.1.
Starting with the Hamiltonian for a cavity containing a nonlinear crystal and two intra-cavity
fields, signal ŝ and pump p̂, [107], assuming perfectly matched input and cavity modes and
zero loss:

H =ℏωs ŝ†ŝ + ℏωpp̂†p̂ + iℏχ
(
p̂†ŝ2 − h.c .

)
+

iℏ
√

2γs

∫ ∞

−∞

(
ŝ†(ω)ŝin(ω) − h.c .

)
dω+ (A.1)

iℏ
√

2γp

∫ ∞

−∞

(
p̂†(ω)p̂in(ω) − h.c .

)
dω,

where ωs,p is the angular frequency of the respective light field, γs,p is the coupling rate of
the cavity for the corresponding light field ŝin, p̂in, and χ denotes the second-order nonlinear
coefficient of the crystal. The Heisenberg equations of motion are given by

˙̂s = −γs ŝ +
√

2γs ŝin − 2χŝ†p̂, (A.2)
˙̂p = −γpp̂ +

√
2γpp̂in + χŝ2, (A.3)

ŝout = −ŝin +
√

2γs ŝ. (A.4)

We can linearize these equations by considering small fluctuations around the average amp-
litude: ŝ = S + ς̂, p̂ = P + ρ̂, ς̂ ≪ S, ρ̂ ≪ P.

A.2.1 Calculating Average Power
The average power is determined using the steady-state approximation, which is valid in our
application due to the absence of instabilities or chaotic behavior

0 = −γsS +
√

2γsSin − 2χS∗P, (A.5)
0 = −γpP +

√
2γpPin + χS2, (A.6)

Sout = −Sin +
√

2γsS. (A.7)

Solving these equations for P and substituting the result into the equation for S yields:

P =

√
2
γp

Pin + χ

γp
S2, (A.8)

0 = −γsS +
√

2γsSin − 2χ

√
2
γp

S∗Pin −
(χ)2

γp
S∗S2. (A.9)

Applied to our experiment, which operates without an input field Sin = 0, the average signal
power is defined as:

Is = ℏωs

2 S∗S = ℏωsγp

(χ)2

(
−γs − 2χ

√
2
γp

S∗

S Pin

)
. (A.10)
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We choose the phases of the fields such that the power is positive, taking Pin to be real and
write S = |S|e iϕ with ϕ = π/2. With this, we can determine the condition for the threshold
amplitude Pth and the corresponding threshold power Ith, defined at Is = 0:

Pth =
γs
√
γp

2
√

2χ
, Ith = ℏωsγ

2
s γp

8χ2 (A.11)

The equation for the output signal power (using Sout =
√

2γsS) can be written as:

Is,out = 2ℏωsP2
th

(
Pin

Pth
− 1
)

= 4Ith

(√
Iin
Ith

− 1
)

. (A.12)

Conversion efficiency is defined as the ratio of the two powers:

η = Is,out

Iin
= 4 Ith

Iin

(√
Iin
Ith

− 1
)

. (A.13)

It reaches its maximum at Iin = 4Ith. In the idealized situation considered here, without losses
and with perfect phase matching, the conversion efficiency reaches unity.

A.2.2 Analysis of Relative Intensity Noise
To compute the noise behavior of the system, we linearize the equations of motion, keeping
only the terms linear in noise:

ρ̂ =

√
2
γp

ρ̂in −
2χ
γp

S ς̂, (A.14)

0 = − 2χ2

γb
S2 (ς̂† + 2ς̂

)
+ 2χ

√
2
γb

(
S ρ̂ + P ς̂†

)
− γa ς̂ +

√
2γa ς̂in.

(A.15)

We define the amplitude and phase quadrature amplitudes as

ς̂a = ς̂ + ς̂†√
2

, ς̂p = ς̂ − ς̂†

i
√

2
. (A.16)

The factor
√

2 normalizes the respective ground‑state variances of a one‑sided spectrum to
unity. The solutions for the intra‑cavity fields read:

ς̂a = ς̂in,a
Pth√

2γp (Pin − Pth)
+ ρ̂in,a

√
Pth√

γs (Pin − Pth)
(A.17)

ς̂p = ς̂in,p
Pth√
2γpPin

+ ρ̂in,p

√
Pth (Pin − Pth)

√
γsPin

. (A.18)

Using the input–output relations, we obtain the noise at the cavity output:

ς̂out,a = −ς̂in,a
Pin − 2Pth

Pin − Pth
+ ρ̂in,a

√
2Pth√

(Pin − Pth)
(A.19)

ς̂out,p = −ς̂in,p
Pin − Pth

Pin
+ ρ̂in,p

√
2Pth (Pin − Pth)

Pin
. (A.20)
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We can finally compute the single‑sided spectral densities of the noise at Fourier frequencies
close to zero:

Sa
ς̂,out = Sa

ς̂,in
(Pin − 2Pth)2

(Pin − Pth)2 + Sa
ρ̂,in

2Pth

(Pin − Pth) , (A.21)

Sp
ς̂,out = Sp

ς̂,in
(Pin − Pth)2

P2
in

+ Sp
ρ̂,in

2Pth (Pin − Pth)
P2

in
. (A.22)

In the relevant case under consideration, the signal input is in the ground state, whereas the
pump field exhibits quantum and technical (and thermal) excitations:

Sa
ς̂,in = Sp

ς̂,in = 1, (A.23)
Sa
ρ̂,in = 1 + Sa

ρ̂,tech, (A.24)
Sp
ρ̂,in = 1 + Sp

ρ̂,tech, (A.25)

where Sa
ρ̂,in and Sp

ρ̂,in denote the spectral densities of amplitude and phase technical noise,
respectively. With these definitions Equation A.21 can be rewritten in a more compact form:

Sa
ς̂,out = 1 + P2

th

(Pin − Pth)2 + 2Pth

(Pin − Pth)S
a
ρ̂,tech, (A.26)

Sp
ς̂,out = 1 − P2

th
P2

in
+ 2Pth (Pin − Pth)

P2
in

Sp
ρ̂,tech. (A.27)

In the first two terms of these expressions, we observe the well‑known behavior of strong amp-
litude anti‑squeezing and phase squeezing for pump powers close to threshold, both of which
rapidly approach the shot‑noise level far above threshold. At the same time, the pump amp-
litude noise Sa

ρ̂,tech is amplified near threshold and strongly suppressed far above it. Ultimately,
regardless of the magnitude of the classical contributions Sa

ρ̂,tech,Sp
ρ̂,tech, both are suppressed

down to the shot‑noise level. Far above threshold, the output field approaches a coherent state,
and no squeezing is observed.
To compute the RIN, we define the noise n̂s,out on the output signal power Is,out:

n̂s,out = ℏωsSoutς̂out,a =
√

2ℏωs Is,outς̂out,a, (A.28)

from which the RIN follows as

RINout = ns,out

Is,out
=

√
2ℏωs√
Is,out

ς̂out,a. (A.29)

In the following, we restrict ourselves to the regime of large technical noise, Sa
ρ̂,tech ≫ 1, which

allows us to neglect the contribution from quantum noise. This yields the spectral density of
the output noise n̂s,out:

Sn,out

I2
s,out

= 2ℏωs

Is,out
Sa
ς̂,out

= 2ℏωs

Is,out

2Pth

(Pin − Pth)S
a
ρ̂,tech

= 2ℏωs

Is,out

2
√

Ith(√
Iin −

√
Ith
) Sn,in

2ℏωpIin

= Iin
Is,out

√
Ith√

Iin −
√

Ith
Sn,in

I2
in

,

(A.30)
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where the spectral density of the technical input noise on the pump power is defined as
Sn,in = 2ℏωpIinSa

ρ̂,tech. We define the noise transfer factor N :

Sn,out

I2
s,out

= N 2Sn,in

I2
in

(A.31)

Using this definition together with Equation A.12, we obtain the noise transfer factor (corres-
ponding to Equation 2.5 in the main text):

N =

√
Iin

Is,out

√
Ith√

Iin −
√

Ith
= 1

2

√
Iin√

Iin −
√

Ith
. (A.32)

A degenerate optical parametric oscillator pumped far above threshold generates an output
field (at twice the wavelength) whose RIN is reduced by a factor of two. Importantly, while
the absolute noise is suppressed arbitrarily strongly in the limit of large pump powers, the RIN
itself is not: its suppression saturates at a factor of 2.
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A.3 High-Power Laser Comparison
Table A.1 lists the high‑power laser systems considered in this work, together with their key
parameters. Some data in the literature are incomplete; the author compiled the table to the
best of his knowledge.

Table A.1: Comparison of high‑power lasers in the 2 µm range.

Index Method Wavelength (nm) Power (W) M2 Year Source
Nonlinear Conversion
0 DOPO 2128 29 - 2025 this work
1 OPO 2000 20 8–16 2000 [20]

Active Gain Medium
2 Tm:YAG 2020 77.1 - 2013 [108]
3 Ho:YVO4 2052 3.9 1.09 2014 [109]
4 Ho:LuLiF4 2053 5.4 1.1 2010 [110]
5 Tm:YAG 2070 115 15 2013 [108]
6 Ho:YAG 2090 38 1.48 2015 [111]
7 Ho:YAG 2097 13.4 1.09 2021 [112]
8 Ho:YAG 2097 65 1.3 2017 [113]
9 Ho:YAP 2117 107 2.9 2020 [114]

Thin-Disk Lasers
10 Tm:YAG 2014 24 11.7 2018 [115]
11 Ho:YLF 2051 26.5 1.1 2025 [116]
12 Ho:YAG 2090 15 2 2011 [117]
13 Ho:YAG 2090 112 1.1 2021 [118]
14 Ho:YAG 2095 50 5.3 2018 [115]

Fiber Lasers
15 Tm:MOPA 1930 327.5 - 2016 [119]
16 Tm:oscillator 1940 185 - 2024 [120]
17 Tm:MOPA 1940 273 1.2 2024 [121]
18 Tm:oscillator 1940 400 1.1 2007 [122]
19 Tm:MOPA 1941 790 2.7 2018 [123]
20 Tm:MOPA 1943 920 1.18 2023 [124]
21 Tm:oscillator 1950 170 1.01 2015 [125]
22 Tm:MOPA 1950 1100 1.1 2021 [126]
23 Tm:MOPA 1965 255 - 2015 [127]
24 Tm:MOPA 1970 102 - 2013 [128]
25 Tm:MOPA 1970 255 - 2015 [127]
26 Tm:oscillator 1970 567 2.6 2016 [129]
27 Tm:MOPA 1980 270 - 2015 [127]
28 Tm:MOPA 1981 530 1.3 2020 [130]
29 Tm:MOPA 1990 265 - 2015 [127]

Continued on next page
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Index Method Wavelength (nm) Power (W) M2 Year Source
30 Tm:MOPA 2000 260 - 2015 [127]
31 Tm:oscillator 2000 226 2.2 2008 [131]
32 Tm:MOPA 2000 253 2 2015 [132]
33 Tm:MOPA 2001 210 - 2014 [133]
34 Tm:oscillator 2004 15.2 - 2019 [134]
35 Tm:oscillator 2009 15.8 - 2019 [134]
36 Tm:oscillator 2013 16.2 - 2019 [134]
37 TmHo:oscillator 2015 38.3 - 2020 [135]
38 Tm:oscillator 2019 137 1.21 2012 [136]
39 Tm:oscillator 2022 20.9 - 2019 [134]
40 Tm:oscillator 2025 22.6 - 2019 [134]
41 Tm:MOPA 2034 441 1.2 2024 [121]
42 Tm:oscillator 2036 24.4 - 2019 [134]
43 TmHo:oscillator 2036 60.7 - 2020 [135]
44 Tm:MOPA 2036 937 - 2024 [137]
45 Tm:oscillator 2040 300 - 2009 [138]
46 Tm:MOPA 2040 608 1.05 2009 [139]
47 Tm:oscillator 2040 885 - 2009 [138]
48 TmHo:oscillator 2050 181 - 2020 [140]
49 Tm:MOPA 2050 205 - 2021 [141]
50 TmHo:oscillator 2085 34.5 - 2020 [135]
51 TmHo:oscillator 2090 29.6 - 2020 [135]
52 Tm:oscillator 2090 193 - 2024 [120]
53 TmHo:oscillator 2090 195 1.08 2021 [142]
54 TmHo:oscillator 2095 23.5 - 2020 [135]
55 TmHo:oscillator 2100 262 1.15 2022 [143]
56 TmHo:oscillator 2103 20.6 - 2020 [135]
57 TmHo:oscillator 2105 37.7 - 2020 [135]
58 TmHo:oscillator 2105 83 1.5 2007 [144]
59 Ho:MOPA 2106 265 - 2014 [145]
60 TmHo:oscillator 2114 30.1 - 2020 [135]
61 Ho:oscillator 2120 62 1.2 2022 [146]
62 Ho:oscillator 2120 90 - 2020 [147]
63 Tm:oscillator 2120 132 - 2024 [120]
64 Ho:oscillator 2125 140 1.4 2013 [148]
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A.4 Homodyne Detector Circuit Diagrams

In this appendix, the circuit diagrams of the homodyne detector employed in this study are
presented. The schematic was developed during my Master’s thesis and subsequently optim-
ized for low-frequency operation within the scope of the current work.

This circuit board is notable because it provides a variable reverse bias for each photodiode
(Figure A.1), enabling the optimization of dark noise. The schematic of the current subtraction
stage is shown in Figure A.2, illustrating that no amplification stage is included in the DC path.
The components used are listed in Table A.2, excluding those of the AC path, as this signal
was dominated by noise and was therefore not utilized.

Table A.2: List of key components highlighted in the circuit schematic.

Part-number D3 N1 = N2 P3 = P4 N3 C9 R3
Device 1N4007 OP177 100 kΩ AD797 6.8 pF 5.11 kΩ

Figure A.1: Shown here is the circuit diagram used to adjust the photodiode reverse bias in
the homodyne detector.
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Figure A.2: The diagram depicts the circuitry employed for the subtraction of the photodiode
currents in the homodyne detector.
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A.5 Additional Information for Hyperloss
The figure below is an expanded version of Figure 4.11. In this representation, the expected
squeezing variance was calculated from the beat between the weak control beam and the local
oscillator (referred to as cold case) using Equation 3.8. The resulting values were then plotted
together with the measured squeezing (referred to as hot case). It can be observed that the
calculated squeezing variance follows a similar trend as the measured squeezing variance, with
the important distinction that it does not enter the hyperloss regime (as shown in the left
panel). In the right-hand panel, the calculated squeezing exhibits only a single peak, whereas
the measured squeezing variance shows two. This difference is inherent to the physical nature
of spatial mode mixing.

Figure A.3: Comparison between the calculated squeezing variance arising from the beat
between a weak control beam (cold case) and the measured squeezing variance in the hot
case.
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List of Abbreviations

Abbreviation Meaning

AGM Active gain medium
aLIGO Advanced Laser Interferometer Gravitational-Wave Observatory
AOI Angle of incidence
AR Anti-reflection
AVG Average
BS Beam splitter
CVQC Cluster-state quantum computers
DAQ Data acquisition system
DE Detection efficiency
DFG Difference-frequency generation
DPDC Degenerate parametric down-conversion
DOPO Degenerate optical parametric oscillation
DBS Dichroic beam splitter
EOM Electro-optic modulator
ET Einstein Telescope
FI Faraday isolator
FR Faraday rotator
FSR Free spectral range
FM Fundamental mode
FWHM Full width at half maximum
GWO Gravitational-wave observatory
HOM Higher-order modes
HR High-reflective
KAGRA Kamioka Gravitational Wave Detector
LG Laguerre-Gauss mode
LIGO Laser Interferometer Gravitational-Wave Observatory
LO Local oscillator
LVK LIGO-Virgo-KAGRA
MAF Moving average filter
NLC Nonlinear conversion

Continued on next page

131



Chapter B: Abbreviations

Abbreviation Meaning

NPRO Non-planar ring oscillator
OPO Optical parametric oscillator
PBS Polarizing beam splitter
PD Photodiode
PDC Parametric down-conversion
PPKTP Periodically poled potassium titanyl phosphate
PM Power meter
PHD Pound–Drever–Hall
PRM Power recycling mirror
QE Quantum efficiency
RBW Resolution bandwidth
RIN Relative intensity noise
SA Signal Analyzer
SFG Sum-frequency generation
SHG Second-harmonic generation
SMM Spatial mode mixing
SNR Signal to noise ratio
SRM Signal recycling mirror
TDL Thin-disk laser
TEM Transverse electromagnetic mode
PVC Polyvinyl chloride
VBW Video bandwidth
s/p-polarization Polarization perpendicular/parallel to the beam plane
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Low-mass X-Ray Binary Scorpius X-1 in LIGO O3 Data”, The Astrophysical Journal Letters,
Vol. 941, 2022, doi: 10.3847/2041-8213/aca1b0.

• LVK collaboration, ”Open Data from the Third Observing Run of LIGO, Virgo, KAGRA, and
GEO”, The Astrophysical Journal, Vol. 267, 2023, doi: 10.3847/1538-4365/acdc9f.

• LVK collaboration, ”Search for subsolar-mass black hole binaries in the second part of Advanced
LIGO’s and Advanced Virgo’s third observing run”, Monthly Notices of the Royal Astronomical
Society, Vol. 524, 2024, doi: 10.1093/mnras/stad588.

• LVK collaboration, ”Search for Gravitational-lensing Signatures in the Full Third Observing Run
of the LIGO–Virgo Network”, The Astrophysical Journal, Vol. 970, 2024, doi: 10.3847/1538-
4357/ad3e83.

• LVK collaboration, ”Observation of Gravitational Waves from the Coalescence of a 2.5–4.5
M Compact Object and a Neutron Star”, The Astrophysical Journal, Vol. 970, 2024, doi:
10.3847/2041-8213/ad5beb.

• LVK collaboration, ”Ultralight vector dark matter search using data from the KAGRA O3GK
run”, Physical Review D, Vol. 110, 2024, doi: 10.1103/PhysRevD.110.042001.

• LVK collaboration, ”Search for Eccentric Black Hole Coalescences during the Third Observing
Run of LIGO and Virgo”, The Astrophysical Journal, Vol. 973, 2024, doi: 10.3847/1538-
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• LVK collaboration, ”A Search Using GEO600 for Gravitational Waves Coincident with Fast Ra-
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• LVK collaboration, ”GW250114: Testing Hawking’s Area Law and the Kerr Nature of Black
Holes”, Physical Review Letters, Vol. 135, 2025, doi: 10.1103/kw5g-d732.

• LVK collaboration, ”Swift-BAT GUANO Follow-up of Gravitational-wave Triggers in the Third
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47/1538-4357/ad9749.

• LVK collaboration, ”Advanced LIGO detector performance in the fourth observing run”, Phys-
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• LVK collaboration, ”Search for Gravitational Waves Emitted from SN 2023ixf”, The Astro-
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• LVK collaboration, ”Open Data from LIGO, Virgo, and KAGRA through the First Part of the
Fourth Observing Run”, arXiv: 2508.18079, 2025.
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2508.18083, 2025.
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Transients”, arXiv: 2508.18081, 2025.
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• LVK collaboration, ”GW250114: Testing Hawking’s Area Law and the Kerr Nature of Black
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wave background searches in LIGO-Virgo-KAGRA’s O1-O4a runs”, arXiv: 2510.26848, 2025.

• LVK collaboration, ”Direct multi-model dark-matter search with gravitational-wave interfero-
meters using data from the first part of the fourth LIGO-Virgo-KAGRA observing run”, arXiv:
2510.27022, 2025.
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The Astrophysical Journal Letters, Vol. 993, 2025, doi: 10.3847/2041-8213/ae0c9c.
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