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Summary

Integrated quantum photonic circuits increasingly require cryogenic operation, as key
components such as superconducting single-photon detectors and many deterministic
quantum light sources only function at low temperatures. This thesis investigates nonlinear
frequency conversion in titanium in-diffused periodically poled lithium niobate (Ti:PPLN)
waveguides under cryogenic conditions and evaluates their suitability for quantum pho-
tonics.

A free-space coupled cryogenic setup was developed, enabling broadband characterization
from room temperature to below 10 K. Cryogenic spontaneous parametric down-conversion
was demonstrated for the first time and tailored for degenerate telecom photon-pair gen-
eration. The measurements reveal both predictable and random temperature-dependent
effects. Refractive index changes and thermal contraction can be modeled accurately. In
contrast, the strong reduction in charge-carrier mobility leads to persistent pyroelectric
and photorefractive fields, which alter mode confinement, increase losses, and limit repro-
ducibility over repeated thermal cycles. Interactions involving TE-modes and pulsed light
showed more robust performance, whereas TM-modes and visible-wavelength processes
were particularly susceptible. The pyroelectric effect was found to be the main factor
governing the cryogenic performance.

Overall, the results show that Ti:PPLN remains a promising platform for cryogenic quantum
photonics, provided that internal electric fields are carefully controlled.
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Zusammenfassung

Integrierte quantenphotonische Schaltungen erfordern zunehmend kryogenen Betrieb, da
supraleitende Einzelphotonen-Detektoren und viele deterministische Quantenlichtquellen
nur bei tiefen Temperaturen funktionieren. Diese Arbeit untersucht die nichtlineare Fre-
quenzkonversion in Titan-eindiffundierten Wellenleitern in periodisch gepoltem Lithi-
umniobat (Ti:PPLN) bei kryogenen Temperaturen und bewertet deren Eignung fiir die
Quantenphotonik.

Es wurde ein freistrahlgekoppelter kryogener Aufbau entwickelt, der breitbandige Charak-
terisierung von Raumtemperatur bis unter 10 K erméglicht. Kryogene parametrische Fluo-
reszenz wurde zum ersten Mal demonstriert und fiir entartete Photonenpaare im Telekom-
Bereich optimiert. Die Messungen zeigen vorhersagbare und zufillige Effekte. Anderungen
des Brechungsindex und thermische Kontraktion lassen sich genau modellieren. Dagegen
fihrt die stark verringerte Ladungstriagermobilitit zu anhaltenden pyroelektrischen und
photorefraktiven Feldern, die raumliche Moden verandern, Verluste erh6hen und die Re-
produzierbarkeit limitieren. Prozesse mit TE-Moden und gepulstem Licht erwiesen sich
als robuster, wihrend Prozesse mit TM-Moden und sichtbaren Wellenlangen besonders
anfillig waren. Der pyroelektrische Effekt erwies sich als der Hauptfaktor, der die kryogene
Leistung bestimmt.

Insgesamt zeigen die Ergebnisse, dass Ti:PPLN eine vielversprechende Plattform fiir die
kryogene Quantenphotonik bleibt, sofern die internen elektrischen Felder sorgfaltig kon-
trolliert werden.
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Introduction

Imagine yourself riding a bicycle through a busy city during rush hour. Most people will
agree that traffic has its own personality. You might find yourself in a typical traffic jam -
the cars move slowly, but the flow does not stop at all. In this scenario, every car represents
a minor obstacle along your route. On a good day, when the conditions are right, even
a seemingly endless number of cars somehow organizes into a predicable flow, allowing
everyone to eventually find their way home. Now, imagine the same situation on a winter
day as a severe snowstorm is approaching. Suddenly, the story gets much more complex.
The cars slow down significantly, and as the temperature drops, they may even freeze in
place. You want to continue your journey, but the system’s mobility has vanished. This
change in temperature, which is perhaps only a few tens of degrees, is enough to change
the performance of the entire system.

Let’s now imagine we change the operation temperature of a device, known for its high
performance at room temperature, not only by a few degrees; no, we cool it down by nearly
three hundred degrees. Over the past years, I found myself exploring exactly this: what
happens to waveguides in lithium niobate when the laboratory goes from its normal “cozy”
temperatures down to the realm of liquid helium. This thesis is a story about investigating
the performance of the beloved lithium niobate platform under these “uncomfortable”,
cryogenic conditions. As we will see, if the conditions are right, these waveguides can
indeed retain their guiding properties we rely on at room temperature. However, we will
also discover that slight changes in the system can define whether we find a clear path or
are hindered by a “cryogenic traffic jam”.

At this point, you might ask yourself, why take something that works great already and
take the effort to test it under cryogenic conditions? Nowadays, we do not only rely on
integrated optical components that prove their performance under ambient conditions.
We also increasingly ask them to perform under conditions far outside their comfort
zone. This becomes more and more important for developing scalable, fully-integrated
quantum photonics. The key components for an integrated quantum circuit are quantum
light sources, components for routing and manipulating the quantum states, and single-
photon detectors [[IH3]. While lots of these integrated components are optimized for room
temperature operation, individual devices fundamentally require cryogenic operation to
be functional. These include in particular highly-efficient, state-of-the-art superconducting
detectors, or deterministic quantum light sources that are based on solid-state quantum
emitters [[4, [5]]. Interfacing a large number of optical components demands in general
that all combined devices are compatible, which means in this case, all devices must be
cryogenically compatible. For this reason, it is crucial to expand the toolbox of cryogenically
compatible integrated photonic technologies.
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Tremendous effort in this research area is especially taken in the field of photonic quantum
computing [6H8]]. Gaussian boson sampling (GBS) represents one photonic quantum com-
puting model that has demonstrated evidence of quantum computational advantage [9H12].
The scheme provides an example of a classically hard-to-solve problem that becomes ex-
perimentally feasible when utilizing squeezed states. GBS was successfully experimentally
demonstrated on large scale, which required hundreds of free-space components to realize
the optical network besides the integrated interferometer [[11]]. True scalability requires
significant reduction of free-space optics and ideally fully-integrated technologies. The
field of GBS has led to substantial advances in the development of universal photonic quan-
tum computing. However, evolving from these specific realizations toward universal and
scalable quantum computing remains an ongoing challenge. While the integrated photonic
chip (i.e., the quantum processing unit (QPU)) is typically operated near room temperature,
cryogenically operated superconducting detectors are employed for the single-photon de-
tection [12]]. For this reason, fundamental challenges for scalability include the massive
number of coaxial cables that are required to control and readout the cryogenic detectors
and optical loss of the system. The coaxial cables introduce significant passive and active
heat load that can easily overload the limited cooling power of the cryostats. This thermal
constraint represents a substantial obstacle for leading technology companies such as
PsiQuantum [§]], Xanadu [[12} [13]], QuiX Quantum [[14] [15]], or Quandela [[16]]. One viable
strategy for reducing the heat load involves utilizing all-optical control and readout for the
superconducting detectors [[17H20]. Moreover, every component interface constitutes a
potential loss factor which is especially critical for single-photon applications. In particular,
connection points such as waveguide-to-fiber coupling introduce optical loss. Companies
working on highly scalable architectures, are thus greatly interested in integrated solutions.
For example, PsiQuantum demonstrated a fully-integrated cryogenic technology based on
the silicon material platform, including on-chip generation, manipulation, and detection of
photonic qubits [[§]. Expanding the toolbox of cryogenic integrated photonics represents a
huge step toward addressing the bottlenecks for achieving true processor scalability.

Within this research field of cryogenic integrated optics, this work concentrates on cryo-
genic quantum state generation and manipulating the photon’s energy, via nonlinear
frequency conversion. Quantum light sources are fundamental resources, enabling the gen-
eration of single photons, entangled photon-pairs, squeezed states, or other non-classical
states [[3] 21]]. Integrated single-photon sources can be categorized into two types, each
providing specific advantages: parametric photon-pair sources, and solid-state, atom-like
single-photon emitters. The first type is realized by pumping a nonlinear waveguide,
enabling probabilistic generation of photon pairs, via spontaneous parametric down-
conversion (SPDC), or spontaneous four-wave mixing (SFWM) [22]. In the non-classical
process of SPDC, one photon from a strong pump beam decays into a photon pair, which
properties are dictated by energy and momentum conservation [22H27]]. SFWM describes
the conversion of two photons into a new pair of photons with different individual ener-
gies [28H34]. Fundamentally, the photons are always created in pairs, which is commonly
exploited to herald the presence of one photon by detecting its counterpart. In compari-
son to bulk crystals, the waveguide-based (i.e., integrated) SPDC process benefits from
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increased conversion efficiencies and the propagation of photon pairs into well-defined
waveguide modes [35H37]. Accurate customization of the spectral properties is realized by
modifying the waveguide material and dimensions. For example, the waveguide can be
tailored to the specific parameters of the pump beam to enable high modal purity of the
generated photons, corresponding to a Schmidt number close to unity [38H40]]. However,
the overall conversion efficiency for SPDC is fundamentally low due to the probabilistic
nature of the process. Typically one photon pair is created per 10° to 10'2 pump photons [[37,
[42]). Moreover, there is a non-zero chance to create two, or more photon pairs. For this
reason, increasing the pump power degrades the single-photon purity since the power
increase results in larger multi-photon-pair components. Depending on the material plat-
form, established waveguide fabrication technologies allow for the production of highly
identical SPDC sources. These can be arranged in large arrays, which is key for scalability.
In combination with multiplexing techniques, or photon-number resolved detection, bright

and pure single-photon sources can be realized 47]].

One of the most promising types of solid-state quantum emitters are quantum dot (QD)
sources that allow for deterministic single-photon generation [48H51]]. These sources can
be operated on-demand since every excitation pulse results in the creation of a well-defined
quantum state. Depending on the material this can be a single photon, or an entangled
photon pair, if a bi-exciton is excited [53]. Resonant excitation can provide near-
optimal single-photon purity and high indistinguishability from a single QD 5] In
comparison to SPDC, QDs provide a much narrower spectral bandwidth, typically about
1GHz compared to 100 GHz for SPDC [57]]. This narrow bandwidth represents a key
challenge for the uniform fabrication of multiple, identical sources. In particular, the repro-
ducibility is limited due to inhomogeneous broadening causing a spread of the emission
wavelength and the random nature of the QD position [2]. Furthermore, QDs often require
cryogenic operation to preserve the sub-Poissonian statistics and indistinguishability [5].
Additionally, developing high performance QDs in the telecom range remains an ongo-
ing challenge. However, exceptional progress has been made in this field to enable QD
implementation in long-distance fiber networks [/58].

Connecting diverse components which operate in different wavelength ranges, requires
frequency conversion, for example in the form of entangled-pair sources, connecting
the visible and the telecom range [59]. These devices enable entanglement swapping
and teleportation to transfer the information of one quantum state to another photon
of different energy [60H62]. Nonlinear frequency conversion can be performed
both in a bulk crystal, or in an integrated waveguide. However, the confined waveguide
modes result in much stronger mode overlap and longer interaction lengths compared to a
bulk crystal. Frequency conversion in a waveguide thus allows for significantly higher
brightness [[63]. Based on well-established fabrication techniques, SPDC in a waveguide
is often used as a stand-alone device, but its integration into advanced quantum circuits
allows for the direct combination with other components to manipulate and detect the

photons on a single chip [2] [64].



1 Introduction

The gold standard for single-photon detection are superconducting nanowire single-photon
detectors (SNSPDs) [[65H67]]. These provide near-unity detection efficiency [[68][69]], low
dark-count rates [[70]], high timing resolution [[71]], high count rates [[72]], and are shown
to feature intrinsic photon-number resolution [[73H77]. For realizing a fully integrated
circuit that profits from efficient SNSPDs, two major challenges need to be overcome. First,
integrated pump suppression together with integrated detection remains challenging
[80]. Since only a small fraction of the pump light is converted to single photons, the
remaining pump must be suppressed by at least 100 dB [81]], which corresponds to
one photon-pair generation per 10 pump photons. Second, full integration requires that
all components are cryogenically compatible [[2]. This thesis addresses the second issue
by adapting integrated SPDC, and its classical counterpart of two photons converted
to one photon, to the challenging operation conditions of SNSPDs. Prior to this work,
no systematic investigation of integrated SPDC under cryogenic conditions had been
reported.

To establish the necessary background for the discussion of cryogenic integration, it is
essential to first review well-established material platforms for room-temperature inte-
grated photonic circuits. The research field of integrated photonics builds on diverse
material platforms, as it is challenging for one single platform to meet the demands of
advanced quantum applications. The individual platforms differ in several key properties.
This includes their nonlinearity type, the material bandgap, the waveguide properties,
electro-optic capabilities, and fabrication maturity [3]:

« The materials can be distinguished by whether they possess second-order (y*) or
third-order (y(®) nonlinearity, and the magnitude of their coefficient. High intrinsic
nonlinearity is required to realize efficient frequency conversion processes. The non-
linearity determines which type of quantum light source can be implemented. y(?)
materials enable spontaneous parametric down-conversion and y® platforms allow
for spontaneous four-wave mixing [[82]).

+ The bandgap of the material defines the transparency window. A large bandgap is
desired since it allows for broadband operation across the visible, near-infrared, and
telecom wavelengths and prevents the presence of additional absorption effects. Broad-
band operation is critical for widely non-degenerate frequency conversion for which
the interacting wavelengths are far apart [J3} [59].

« The waveguide properties are primarily given by the refractive index contrast between
the core and cladding materials, their dimensions, and surface roughness. High refrac-
tive index contrasts enable strong mode confinement and thus high optical intensities
which can further enhance the nonlinear interactions. Moreover, strong confinement
enables manipulating the effective refractive indices by tailoring the waveguide ge-
ometry (i.e., dispersion engineering) [[83H85]. Uniform surface quality enhances low
optical loss which is particularly critical for preserving fragile quantum states over
long interaction lengths [3].
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+ The electro-optic capabilities of a material define its ability for fast modulation and
switching of the quantum states with low power consumption. This is a characteristic
feature of y(?) materials due to their intrinsic Pockels effect .

» Finally, the requirement for repeatable high-quality waveguide fabrication necessitates
established manufacturing processes. Crucially, the potential for wafer-scale fabrication
and a small integrated device footprint are key for realizing high scalability [[59][82]].

The leading material platforms each offer a certain trade-off between the presented, desired
properties. Silicon (Si), especially silicon on insulator (SOI), can be considered the most ma-
ture platform which benefits significantly from CMOS compatibility. The well-established
electronic semiconductor fabrication industry is exploited for fabricating silicon photonic
devices with high yield and low cost. The refractive index of silicon is especially high
(n = 3.5), enabling the fabrication of compact devices. However, the performance of pure
silicon in the near-infrared and telecom range is often limited by nonlinear losses, such as
two-photon absorption [82]]. In contrast, Silicon Nitride (SiN) provides a wide bandgap
and thus broad transparency window, which expands the possibilities of silicon into the
telecom range. It further enables ultra-low propagation losses (0.1dB/m) [2| [87], making it
optimal for single-photon applications. Despite the advanced technologies, the nonlinear
functionality of silicon photonics is restricted due to a comparatively weak y(*) nonlinear-
ity and its lack of second-order nonlinearity [J3]]. Lithium niobate (LiNbO3, or LN) stands
out as another proven and leading platform for the development of low-loss integrated
quantum circuits. It provides a large nonlinear and electro-optic coefficient, a broadband
transparency window, and ferroelectric properties 89]]. Especially the strong
second-order nonlinearity enables efficient frequency conversion [90H93]l, and the
large electro-optic effect allows for ultra-fast modulation 89]]. Waveguide fabrication
in LiNbO3; employs established techniques such as titanium in-diffusion and ridge wave-
guides [[63]]. Recently, lithium niobate on insulator (LNOI), also known as thin-film lithium
niobate (TFLN), has gained attraction due to its promising technical advantages
[94H105]. These include strong mode confinement with inherently high nonlinearity and
the capability to achieve small bending radii, which facilitates scalability [3]. Materials
based on III — V compound semiconductors (e.g., InGaP, InP, GaP, or GaAs) stand out due
to a very high refractive index. This enables the fabrication of lasers and amplifiers on the
same platform as photonic devices. Furthermore, they provide especially high second-order
nonlinearities and the bandgap can be tuned by varying the material composition [[82].
However, due to their direct bandgap, most commonly used III — V compounds exhibit
significantly higher absorption as for example silicon, which is an indirect bandgap ma-
terial [[106]. Compositions such as AlGaAs and InGaP are further limited in fabrication
accuracy, as their performance is very sensitive to slight variations in the waveguide
dimensions [[59].

The work presented in this thesis specifically utilizes lithium niobate for nonlinear fre-
quency conversion due to its excellent material properties and established fabrication.
While LNOI offers specific advantages, titanium in-diffusion in z-cut lithium niobate
(Ti:LiNbOs) remains a mature and accessible fabrication technology for realizing various
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integrated devices [[63][107H109]]. This technology has been fundamental to the develop-
ment and fabrication of integrated components including photon-pair sources
118]], passive and active manipulation of quantum states [[119H124]], and single-photon
detectors [126]. Crucially, the in-diffused waveguides provide weakly confined modes
whose mode size is closely matched to the core of standard commercial optical fibers
[127]. This facilitates highly efficient coupling between the waveguide and fiber, and
also simplifies their integration into free-space optical setups. The combination of high
coupling efficiency and established fabrication makes titanium in-diffused waveguides an
excellent and robust platform for prototyping experiments.

In order to realize an efficient frequency conversion process, the interacting fields must not
only overlap spatially, but also temporally. This implies that the fields must travel with the
same speed. The inherent material dispersion causes the beams which differ in frequency
to have different propagation velocities. However, the ferroelectric properties of lithium
niobate allow to account for this intrinsic phase-mismatch of the individual modes. The
applied process is called quasi-phase-matching. This is based on periodic poling, a well-
established method to inverse the crystal axis every time the fields are running apart
[130]. Consequently, through careful selection and accurate fabrication of the poling period,
high conversion efficiency for a desired wavelength interaction can be achieved. In the
scope of this work, periodic poling is the method that is used to achieve phase-matching
for diverse frequency conversion processes in lithium niobate. The fabrication technology
for periodically poled titanium in-diffused waveguides in lithium niobate (Ti:PPLN) is
well-established by the Integrated Quantum Optics group (IQO) at Paderborn University.
All waveguide samples investigated in this thesis are thus fabricated in-house.

Research in recent years has shown an increasing demand for developing cryogenic compo-
nents integrated on various material platforms [131H138]]. Among others, the
research at Paderborn University concentrated on the development and characterization of
cryogenic devices in the Ti:LiNbOs5 platform. Thiele et al. realized electro-optic modulators
(EOMs) for phase modulation, directional coupling, and polarization conversion [132]].
Hopker et al. showed evanescently coupled superconducting single-photon detectors
[126]]. Finally, Bartnick et al. demonstrated the first cryogenic integration of nonlinear
frequency conversion, namely second harmonic generation (SHG) pumped in the tele-
com C-band [[131]]. This is where my work ties in with the research area. Demonstrating
the proof-of-principle for cryogenic SHG presented the foundation for the subsequent
SPDC characterization, since both processes require the same phase-matching condition.
This thesis expands the cryogenic research in Ti:PPLN by SPDC processes, specifically
non-degenerate, and degenerate SPDC in the telecom C-band [140], and widely non-
degenerate SPDC pumped in the visible range [[141]].

Besides the studies at Paderborn University, TFLN has shown great performance for
cryogenic operation, including nonlinear processes such as SHG and SPDC in the telecom
C-band [[133]], a spectral optical filter [[134]], and even combined integration of EOMs and
SNSPDs on a single LNOI chip [[135]]. Erbium-doped lithium niobate waveguides fabricated
through titanium in-diffusion were shown to enable the storage and reemission of single
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photons in the telecom band, through the realization of a cryogenic quantum memory [[142].
Cryogenic bulk lithium niobate was further employed for terahertz generation [[143H145].
Moreover, it has been demonstrated that silicon waveguides exhibit cryogenic compatibility,
including single-photon generation via spontaneous four-wave mixing [137]], on-chip
filtering [147]], and integrated superconducting detectors [8|[148]]. Another promising
platform is barium titanate that was shown to enable the cryogenic integration of optical
modulators [{] [149]], while graphene allows for efficient EOM performance due to an
intrinsic carrier mobility increase at low temperatures [[138]. Finally, effort is taken to
develop cryogenic packaging methods for integrated devices, including a silicon ring

resonator [[137]], and TFLN [[150]).

This work in particular focuses on discovering the cryogenic properties of nonlinear
frequency conversion in Ti:PPLN. To that end, thorough characterization of the linear and
nonlinear waveguide properties under cryogenic conditions was necessary to gain insights
into the temperature-dependent material changes. Within the last years, I have been
studying the fascinating behavior of cryogenic lithium niobate. This journey comprised
various stages, from verifying the proof-of-principle for cryogenic SPDC, to adjusting the
cryogenic phase-matching and exploring the physical limits of the material platform. This
task can be broken down to three major, interconnected aspects, each defined by a core
research question and a corresponding objective:

1. How can we reliably measure the linear and nonlinear effects of the cryogenic
Ti:PPLN waveguides?
Designing the cryogenic experiments requires careful consideration since we need
to adapt for clearly more challenging operation conditions as for room temperature
applications. This raises the question of whether it is feasible to apply the same char-
acterization methods and techniques that work in experiments at room temperature
under cryogenic conditions. Waveguides at ambient temperature can be efficiently
free-space coupled using two aspheric lenses. In order to implement a comparable
coupling method at cryogenic temperatures, a special cryostat with free-space access
to the vacuum chamber is required. Moreover, the waveguide coupling cannot be main-
tained throughout the cooldown, since all components experience thermal contraction.
Consequently, the waveguide mount must allow for in situ realignment at cryogenic
conditions. Furthermore, spectrally broadband components are necessary to adopt for
large changes in the phase-matched wavelengths when varying the temperature by
three orders of magnitude. To enable comparative waveguide characterization from
room temperature to cryogenic conditions, the experimental setup must feature widely
tunable laser sources, broadband free-space optics, and detection tools which cover
the wavelength range. I would like to emphasize that these experimental hurdles are
not unique to Ti:PPLN waveguides. Consequently, the developed techniques and pro-
tocols are transferable to other material platforms. Therefore, our waveguide platform
serves as a prototyping system to validate cryogenic characterization methods on a
material with established room-temperature properties. The first aim of this thesis
can be thus formulated in the following way: To develop and optimize functional
experimental methods for low-temperature integrated optics.
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2. How does cryogenic operation affect the material platform?

The second research question focuses on the intrinsic material changes of lithium
niobate. Some temperature-dependent effects can be considered as well-known as
they are also prominent during waveguide heating experiments. This includes the
temperature dependence of the refractive indices, which results in a shift of the phase-
matched wavelength, and the thermal expansion of the material, altering the effective
poling period. However, no verified data is available for lithium niobate at cryogenic
temperatures. The impact of these effects can be transferred to cryogenic conditions by
extrapolating the existing equations for the low temperature range, which provides a
first estimation. While these temperature dependencies are readily apparent, cryogenic
operation further causes a severe decrease in the mobility of free charge carriers. The
consequences of this reduced mobility are much more complex, as they indirectly
affect the cryogenic performance through the photorefractive and pyroelectric effect.
Both effects can cause an inhomogeneous accumulation of electric charges, resulting
in refractive index changes, thus altering the waveguiding or the phase-matching
[151H154]). The reduced mobility results in extended lifetimes for these charge effects,
causing them to dominate the system performance at cryogenic temperatures. Under-
standing the extent of these aspects is crucial for realizing tailored cryogenic nonlinear
processes. For this reason, the second goal of this work is the following: To deter-
mine and understand the critical temperature-dependent effects that alter the
waveguide performance under extremely cold operation conditions.

3. What do our observations teach us about the viability of cryogenic lithium
niobate?
The final research question logically builds on question two. Here, the focus is shifted
from understanding the material to exploring implications for future applications.
Two steps are necessary to address this issue. First, it is essential to gain detailed
insights into the observed cryogenic material performance. Second, and crucially,
it requires evaluating these observations to decide if Ti:PPLN waveguides are truly
suitable for cryogenic applications. This includes examining the question, under what
circumstances is it justified to perform cryogenic (non)linear optics in this platform?
Answering this question defines performance boundaries and clearly states which
effects must be accounted for when designing future NLO systems. This leads to
the final goal: To assess the fundamental potential of cryogenic Ti:PPLN and
define the conditions under which this platform can be beneficial for cryogenic
integrated optics.

The structure of this thesis is designed to guide you through this research journey, with
each subsequent chapter providing deeper insights into the cryogenic material properties.
Following this introduction, the thesis proceeds in Chapter |2 with a discussion of the
theoretical and experimental foundations required to plan and interpret the cryogenic
experiments. This chapter presents the theoretical basics of nonlinear optics, details on
the Ti:PPLN waveguide platform, and the material changes associated with altering the
operation temperature. The experimental part comprises the practical requirements on the
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cryogenic setup. This includes the cryostat design, the cryogenic waveguide mounting and
coupling procedure, and the experimental methods used to characterize the waveguides.
Chapter 3 presents the initial experiments of generating single photons in the telecom
range from cryogenic SPDC. The first out of two experiments in this series concentrates
on characterizing the cryogenic performance of a waveguide which enabled the desired
process at room temperature. This experiment represents the proof-of-principle for cryo-
genic SPDC in the Ti:PPLN platform [[139]]. In the second experiment, the initial insights
into the waveguide behavior are actively applied to tailor the performance of cryogenic
SPDC to enable degenerate photon pairs in the telecom C-band [[140]. Chapter 4 analyzes
the properties of a completely different wavelength combination. Instead of considering
the generation of two identical photons, widely non-degenerate frequency conversion is
characterized [[141]]. This measurement series examines the question of which additional
challenges must be adapted for when the wavelengths are far apart. Moreover, a different
phase-matching type is chosen for this process to gain additional information about the
waveguide properties for each polarization. Chapter 5 expands upon the previous results
by conducting a detailed investigation of the observed cryogenic effects. This includes
an in-depth analysis of the pyroelectric and photorefractive material changes and the
reproducibility of the cryogenic waveguide performance. Finally, Chapter |6| summarizes
the key outcomes of this thesis, assesses the cryogenic viability of the Ti:PPLN platform,
and outlines recommendations for future cryogenic NLO device design.






How to get to know your

(cryogenic) waveguide

Before we can explore the physics of a cryogenic waveguide in lithium niobate, we need
to understand nonlinear optics in this material platform under ambient conditions. This
chapter will first provide you with the theoretical basics you need to know about nonlinear
optics, titanium in-diffused waveguides in lithium niobate, and the intrinsic material
changes that become relevant at cryogenic temperatures (Section 2.1). The second part of
this chapter concentrates on the experimental methods to investigate a waveguide not only
at room temperature, but also within a cryostat (Section 2.2). This section addresses the
first research question of this thesis: How can we reliably measure the linear and nonlinear
effects of the cryogenic Ti:PPLN waveguides? I will discuss what type of cryostat is suited
best, how to mount the waveguide and couple to it, and which nonlinear measurements
can be performed. Moreover, you will find some experimental tips and tricks, which can
help when setting up your own (cryogenic) waveguide characterization setup.

2.1 Theoretical basics - What to know before you start

Lithium niobate is a nonlinear material, which allows for efficient frequency conversion
processes. For this reason, the first section introduces nonlinear optics and three-wave
mixing processes, including spontaneous parametric down-conversion (SPDC). The dis-
cussion is thereby limited to the fundamental concepts necessary for the context of this
thesis. A comprehensive description of the theoretical background of nonlinear optics can
be found in chapters 1 - 2 in Ref. . For a detailed theoretical treatment of SPDC, the
reader is referred to chapter 11.2 in Ref. [[155]. Following the introduction to nonlinear
optics, the properties of the employed titanium in-diffused lithium niobate platform are dis-
cussed. This includes the design of the waveguides and their refractive index distribution.
Furthermore, the principle of periodic poling for quasi-phase-matching is detailed. The
final theoretical section concentrates on the temperature-dependent material properties
of lithium niobate. In particular, understanding the variations in the refractive indices
and the origin of the pyroelectric and photorefractive effect is crucial for the cryogenic
operation.

11
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2.1.1 Introduction to nonlinear optics

When an electro-magnetic wave travels through an optical material, it interacts with its
dipole moments and induces a polarization. In linear optics, the material response to the
electric field strength E is linear. The induced polarization P at the time ¢ can thus be

described by [91] p. 2]
P(t) = ey VE(2). (2.1)

The proportionality is given by the vacuum permittivity €, and the linear susceptibility
xW. For clarity and conciseness, this representation neglects the tensor nature of the
susceptibilities. Furthermore, this introductory section assumes an instantaneous polariza-
tion response to the electric field, which implies a dispersionless material with zero loss.
Nonetheless, the presented equations are well-suited to convey the fundamental principles
required for understanding the nonlinear optical processes.

A dielectric material with a large nonlinear coefficient represents a powerful tool to
manipulate the spectral properties of a laser beam. In nonlinear optics, Eq. (2.1) must be
generalized. This is mostly realized by describing the polarization as a power series of the

field strength, expressed by [91] p. 2]

P(1) = ()((I)E(t) + Y DED2 4 yDE@) + .. ) (2.2)
=PV +PP1D)+ PP () +.... (2.3)

This expansion introduces the higher-order susceptibilities, in particular, the second- and
third-order nonlinear optical susceptibilities y*) and y®). We can define the individual
polarization components as the linear polarization PV (t), which was already introduced
in Eq. (2.1), and the nonlinear polarization terms, given by the second-order nonlinear
polarization

PO (1) = oy D E(1)? (2.4)

and the third-order nonlinear polarization
PO (1) = ey PE(1)>. (2.5)

The number of relevant higher-order components depends on the specific material platform.
For lithium niobate, components of even higher order (P(°)(t), with o > 4) can often be
neglected due to their insignificant amplitude. So far, we have seen that an incident electric
field induces a polarization, which has the same rapid temporal variation as the field itself.
Consequently, the accelerated material charges can emit electro-magnetic radiation. In
this case, the time-varying polarization acts as a source of new electro-magnetic field
components. This can be seen from the wave equation for a nonlinear optical material,
which is often written as p- 4]

n2 azE _ 1 aZPNL
c? a2 epc? ot?

V’E (2.6)

12
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where n is the refractive index, c¢ the speed of light in vacuum and Pyy, combines the
nonlinear polarization components. From this equation, it is evident that the nonlinear
polarization response drives the electric field. Within this process energy is transferred
from the incident field (inducing the polarization) to the newly generated field. Given the
conservation of energy, the nonlinear response allows for the generation of classical or
even non-classical light at new frequencies. This process of frequency conversion will be
explored in more detail in the next section.

Frequency conversion processes

This thesis focuses on frequency conversion processes that are driven by the second-order
nonlinear polarization. According to Eq. (2.4), two electrical fields interact in order to
induce a third field. These processes are thus referred to as three-wave mixing. Analogously,
frequency conversion processes which result from the third-order polarization are called
four-wave mixing.

Second-order nonlinear interactions are limited to noncentrosymmetric crystals since y(?)
vanishes identically for any crystals which display inversion symmetry p. 44]' This
applies to a wide range of materials. Among others, liquids, gases, and amorphous solids,
such as glass, demonstrate inversion symmetry. These materials are inherently unable to
produce new frequency components via three-wave mixing. Therefore, lithium niobate
is used in this work to realize diverse second-order nonlinear processes. The third-order
nonlinear optical susceptibility, however, can exist independent of the inversion symmetry.
Consequently, both centrosymmetric and noncentrosymmetric materials with a large y©)
can be exploited for four-wave mixing.

We will now explore the different frequency components that can be generated via three-
wave mixing. Eq. (2.4) depends on the square of the electric field. This opens the possibility
that the two required fields are derived from a single source or from two separate incident
fields. To account for the two options, we can describe the optical pump field either using
a single frequency w;, or including two individual frequency components w; and w;. This
results in the following two expressions,

E(t) = By 4 c.c. (2.7)

and
E(t) = Eye7 """ + Epe ' t c.c., (2.8)

with the amplitudes E; and E,. Substituting these two formulas into Eq. (2.4) yields distinct
contributions to the nonlinear polarization at multiple frequencies. The various frequency
contributions are presented below.

Hnversion symmetry demands that a change in the sign of the electric field E(t) causes a change in the sign of
the polarization P(©) (t). For every even harmonic term (0 = 2, 4,6, . . .) this results in PO (1) = —p)(p),
which can only be fulfilled if x(°) vanishes [91] p. 44].

13
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Figure 2.1: Tllustration of the different three-wave mixing interactions. The incident and generated
fields are displayed together with their energy level diagrams for (a) SHG, (b) SFG,
(c) DFG, and (d) SPDC.

Second-harmonic generation (SHG)

The first and most accessible example of nonlinear three-wave mixing is SHG. We
consider a single pump beam of frequency s, as described by Eq. (2.7). According to
Eq. (2.4), this results in only one nonzero frequency component that can be excited,
which is 2w;. Consequently, this contribution can induce radiation at the second-
harmonic frequency. Two photons from the pump beam are destroyed while one
photon is generated. This can be illustrated by considering an energy level diagram,
in which the two photons excite the system via two virtual energy levels (compare
Fig. 2.1/(a)). The system instantaneously relaxes again and thereby emits the second-
harmonic photon. This new photon has twice the energy of the pump photons, which
is described by wspg = 2w;.

Sum-frequency generation (SFG)

In comparison to SHG, the SFG process represents a more generalized case. While the
two interacting photons for SHG often originate from the same pump beam, for SFG, the
x'?) material is pumped with two individual beams. As defined in Eq. (2.8), these pump
beams have different frequencies w; and w,. In this scenario, one photon from each
beam can contribute in order to create new frequency components. In total, substituting
Eq. (2.8) into Eq. (2.4) leads to four distinct nonzero frequency contributions. Two of
those are the second-harmonic frequencies of the individual pump fields. One of the
other two components is defined by the sum of the two incident energies. This process
is thus very similar to the SHG with the difference that the two exciting photons have
distinct energies (compare Fig. 2.1 (b)). The SFG frequency is given by wspg = w1+ ws.

14
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Difference-frequency generation (DFG)

Like SFG, the DFG process arises from two different incident frequencies. The fourth
nonzero frequency component for a pump field described by Eq. (2.8) is given by the
difference of the two pump frequencies. The higher energy photon excites the system to
a virtual level and the lower energy photon triggers relaxation over another predefined
virtual level (compare Fig. 2.1 (c)). Energy conservation demands that while a new
photon at the difference frequency is created, the higher frequency pump photon
is destroyed and an additional photon at the lower pump frequency is generated.
Therefore, the lower-energy input field is amplified and a new field arises, which is
described by wprg = @1 — w2, where w; > w;.

Spontaneous parametric down-conversion (SPDC)

The final three-wave mixing process is SPDC. This interaction is different from the
previously discussed processes as a single input field is converted into two output
fields. This is very much comparable with the DFG process. However, in this case, the
two-photon emission following the absorption of a pump photon is not stimulated, but
happens spontaneously. One photon from a pump field with frequency w, decays into
two individual photons (compare Fig. 2.1 (d)). Historically, the two created fields are
called the signal and idler field, which is why we refer to their frequencies as w; and
;. Energy conservation for this process is fulfilled by ws + w; = wp. The two photons
can either have equal energy, or distinct energies, which is fundamentally the reverse
interaction of SHG and SFG. Depending on the energy distribution, the process is
classified as degenerate SPDC (ws = wj), or non-degenerate SPDC (w5 # w;).

Phase-matching

While the SHG, SFG, and DFG interactions can be described classically, this does not
apply to SPDC. The description of single-photon decay necessitates a quantum mechanical
formalism. However, the analogy to the SFG process allows some conclusions from the
classical approach to be transferred to SPDC. Both processes require the same conditions
for energy and momentum conservation. For the three interacting fields, these are given
by w3 = w1+ w, and ks = k; + ky, with the propagation constant k. In general, dispersion of
the material causes the fields with distinct frequencies to propagate at different velocities.
Consequently, the waves rapidly loose their phase relation, which significantly lowers the
effective interaction length. Therefore, the phase mismatch, defined by p- 356]
3wz MWy Nawy

Ak = k3 - kl - kz = - - 5 (29)
c C C

must disappear for efficient frequency conversion. This section discusses the principle
of periodic poling for quasi-phase-matching (QPM) which prevents dephasing of the

interacting waves [[129]).
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Refractive index n_

\_ ey o T
/|L MHHHHHHIH

Figure 2.2: Schematic illustration of the z-cut lithium niobate waveguide. (a) The blue area along
the y-direction represents the gradual refractive index increase which creates the
waveguide. The periodic pattern illustrates the periodic poling. (b) Front view of the
waveguide end facet. The dark blue area represents the fundamental mode which is
guided through the waveguide. The ordinary-polarized beam (TE) experiences the
effective refractive index n,, the extraordinary-polarized beam (TM) experiences the
index ne, respectively. (c) Cross-section along the periodically poled waveguide. The
arrows depict the periodic inversion of the crystal axis.
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Periodic poling describes the periodic inversion of the crystal orientation. Since lithium
niobate is a ferroelectric material, it always exhibits a spontaneous polarization. This polar-
ization is aligned with the crystalline c-axis, which defines the z-direction of our coordinate
system (compare Fig. 2.2). The spontaneous polarization can be permanently reversed
by applying a strong external electric field [[I56]. As a result of the poling process, the
traveling waves experience a periodic variation of the sign of the nonlinear susceptibility.
The poling period A is chosen based on the coherence length L. = 7/Ak. After this length,
the phase mismatch has added up to 7, causing destructive interference. By exchanging
the crystal orientation at this distance (A = 2L.), the generated intensity permanently
increases over the crystal length. The QPM results in a modification of the phase mismatch,

which is now given by
2

AkQPM = kg - kl - kz + X . (2.10)
This additional term provides full tunability with the fabricated poling period. However,
the selection of the period requires accurate knowledge of the refractive indices, which
can represent a challenge for cryogenic operation (see Section 2.1.3).

Let us now explore the dependence of the generated sum-frequency intensity I5 on the
phase-mismatch Ak (or Akgpy) and the effective length L p. 78]°

8d% LI AkL
L= 2leff™37172 ] (2.11)
2
ninans€pcC

L? sinc? (—
2

2This expression can be derived by substituting two input fields, described by plane waves, into the wave
equation in Eq. (2.6) (for further details, see Ref. Ch. 2.2)).
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Here, d.¢ represents a simplified notation of the second-order nonlinear susceptibility.
While )(l.(jzk) is described by a third-rank tensor (where the indices i, j, k refer to the Cartesian
coordinates x, y, z), we can often employ a contracted notation using the two-dimensional
matrix . )
— (2 (2)

diy = deg = EXijk) = Xk (2.12)
where [ € {1,2,3,4,5,6}. This simplification is valid if the frequencies of the interacting
waves are much smaller than the lowest resonance frequency of the material p- 38].
In this case, the nonlinear susceptibility can be considered as independent of frequency,
which allows permutation of the indices j and k.

For lithium niobate, the matrix d.g can be further simplified due to its crystal structure [[88]].
As a consequence, only three independent coefficients are required to describe the nonlinear
susceptibility, given by

0 0 0 0 d3; —do
dg=|-dp dpy 0 dyy 0 0 |. (2.13)
dsi d3; dsz 0 0 0

Frequency conversion is classified into three types, depending on the polarizations of the
interacting fields. Type-0 specifies that the pump, signal, and idler wave have the same
polarization. Type-I phase-matching is given if signal and idler are polarized orthogonal to
the pump, and type-II describes the case that signal and idler have orthogonal polarizations.
In this work, type-0 (TM polarization only) and type-II (TE and TM polarization) phase-
matching are investigated. The type-0 interaction is given by P, o d33E2, while the type-II
process is described by P, « ds1E,E,. The strength of the interactions hence depends on the
coeflicients ds3 and ds;. For lithium niobate, ds; is approximately 40 times larger than ds;,
which can lead to significantly higher conversion efficiencies for type-0 phase-matching

compared to type-II [[108]].

It can be seen from Eq. (2.11), that the sum-frequency intensity strongly depends on the
phase mismatch in the form of a sinc? function. We will see in the next section, that the
same dependence remains valid for the phase-matching of the SPDC process. This is one
reason, why it is experimentally advantageous to first perform classical SHG or SFG for
the phase-matching characterization before initializing the SPDC measurements. The
measurement procedure will be discussed in Section 2.2.3.
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Spontaneous parametric down-conversion for single-photon generation

We now discuss the properties of the created SPDC state, as this interaction constitutes
the main process investigated within the scope of this work. In the quantum mechanical
approach, the interaction of the incident pump field with vacuum fluctuations introduces
noise fields. These noise fields with frequencies ws and w; can be amplified if they satisfy
the conditions of energy conservation and minimal phase mismatch. When the nonlinear
interaction is sufficiently strong, this amplification results in the generation of signal and

idler photon pairs [[155} p. 356].
Mathematically, the generated SPDC state can be expressed by p- 359]

[¥)sepc = |0>+B//dwsdwif(ws, 1)d] (05)d] (a3) [0) . (2.14)

Here, B oc E,L combines all constants and scales linearly with the amplitude of the pump
field E, and the effective length L. The term f(ws, w;) is the joint spectral amplitude
(JSA), which completely describes the spectral properties and phase information of signal
and idler. Furthermore, &li(ws,i) are the photon creation operators. We see that the two
operators are applied together on the vacuum state, which demonstrates that the photons
are always created in pairs. Deterministic separation of the photon pair, for example
through different wavelengths or polarizations, enables heralding of single photons.

The JSA combines the conditions of energy and momentum conservation as a function of
the signal and idler frequencies. This term is composed of the pump distribution « and the
phase-matching function @, and is defined by [[155} p. 359]

flws, ;) = a(ws + 01)P(ws, 1) - (2.15)

The pump distribution describes the spectral properties of the pump beam and can often
be approximated by a Gaussian function. It represents all combinations of signal and idler
frequencies which fulfill energy conservation. The phase-matching function depends on
the length and the dispersion of the crystal. We are already familiar with this function from
the sum-frequency intensity (see Eq. (2.11)); it is given by ® = sinc(AkL/2). Therefore, the
phase-matching function represents the momentum conservation of the process.

Experimentally, it is convenient to record the square of the absolute value of the JSA. This
function is known as the joint spectral intensity (JSI) and is thus defined by JSI = |JSA|%.
The JSI measurement does not provide any phase information. However, directly recording
the JSA remains an experimentally demanding task [157)[158]]. Therefore, this thesis focuses
on the spectral properties of the SPDC source inferred from the JSI measurement, which
provide the primary insights required for the characterization. The practical investigation
of the relevant performance metrics of an SPDC source is further detailed in Section |2.2.3.
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2.1.2 Titanium in-diffused waveguides in lithium niobate

All waveguide samples which are characterized in this work are fabricated in-house by the
IQO group, the Mesoscopic Quantum Optics group (MQO), and the Institute for Photonic
Quantum Systems (PhoQS). The waveguides were fabricated by titanium in-diffusion in
z-cut lithium niobate (compare Fig. 2.2/ for the orientation of the coordinate system). The
samples have a height of 0.5 mm and a width of 12 mm. The length is tailored, depending
on the waveguide length required for the experiment. For the cryogenic characterization,
the total length is polished to about 25 mm to fit the dimensions of the cryostat. Across
the width of 12 mm, 75 parallel waveguides are fabricated, which are arranged in groups
of three waveguides each. To facilitate alignment of a preselected waveguide, the distance
between the waveguides within one group is set to 100 um and the distance between the
groups is 200 pm. Furthermore, lithographically patterned labels mark the group number,
which allows to verify the index of the coupled waveguide with a microscope from the
top.

For the fabrication, in the first step, mask lithography is used to pattern the titanium
strips on the lithium niobate substrate. Next, these strips are in-diffused in an oven,
which results in a gradual refractive index increase, forming the waveguide. The periodic
poling is afterwards performed either by mask lithography, or by using laser lithography,
which enables flexible customization of the periods. Liquid electrodes with the designed
periodicity are applied to the top and bottom surface of the sample. Due to the ferroelectric
properties of lithium niobate, the application of strong electric fields then leads to periodic
inversion of the crystal orientation. After the periodic poling is completed, the electrodes
are removed and the waveguide end facets are polished.

Prior to the in-diffusion process, the titanium strips have a width of 5 um to 7 um and a thick-
ness of 80 nm. The fabrication is optimized for waveguiding at the telecom range. Especially
around 1550 nm, low-loss waveguiding with propagation losses down to 0.03 dB/cm can be
achieved [63]]. The design yields single-mode waveguides for wavelengths above approxi-
mately 1000 nm. The employed frequency conversion processes each involve at least one
shorter wavelength, which means that this wave encounters a multi-mode waveguide.

Refractive index distribution

The in-diffusion of titanium results in a gradual increase of the refractive index. This leads
to weakly confined waveguide modes which are guided directly below the substrate surface.
Due to this inhomogeneous refractive index distribution, the propagation of the electro-
magnetic fields cannot be described by the bulk refractive index of lithium niobate. Instead,
one must account for the effective refractive indices experienced by the guided waves.
Since each spatial mode experiences a distinct effective refractive index, each possesses a
unique phase-matching condition. If a waveguide supports multiple modes for any of the
interacting wavelengths, it imposes a fundamental constraint on the achievable conversion
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Figure 2.3: Simulation of the spatial mode profile of the (a) TE-polarized and (b) TM-polarized
fundamental mode at 1556 nm. The simulation is performed for a titanium strip width
of 5 pum and room temperature conditions of 21 °C. The dashed line marks the surface
of the waveguide sample.

efficiency; any power coupled to higher-order modes will fail to satisfy the designed phase-
matching condition. Consequently, calculating the precise poling period via Eq. (2.10)
requires an accurate determination of the effective refractive indices. These can be derived
from the refractive index cross sections that arise from the titanium in-diffusion process.

In order to simulate the refractive index distribution, a commercial mode solving software
based on the finite-element method (RSoft FemSIM) is used. The simulation takes into
account, among others, the refractive index of bulk lithium niobate [160]], together
with the dimensions of the titanium strip and its diffusion parameters. The simulated
fundamental spatial modes of a TE- and TM-polarized beam at 1556 nm are shown in Fig. 2.3
as an example.’. While both polarizations are guided, the refractive index profile causes
TM-polarized modes (polarized along the crystalline c-axis) to travel more closer to the
waveguide surface than TE-polarized modes [125]. This mode is thus known to experience
higher optical losses due to tiny scratches or particles on the surface. The simulation with
the RSoft software was found to accurately describe the spatial mode profiles of the guided
modes under ambient conditions. However, simulation of the cryogenic performance poses
diverse challenges, which we will examine in the next section.

2.1.3 Intrinsic material changes at cryogenic temperatures

Cryogenic operation of Ti:PPLN waveguides requires consideration of thermal effects
which influence the nonlinear interaction. So far, we have explored the principle of fre-
quency conversion, the process of quasi-phase-matching, and the properties of the in-
diffused waveguide platform. Up to now, we have neglected all temperature dependencies
but these become crucial for understanding the changes at cryogenic temperatures. Let
us consider the condition for quasi-phase-matching Akgpy = 0 (compare Eq. (2.10)). The
propagation constant for a field of wavelength A, which experiences the effective refractive

3This wavelength is relevant for the NLO process discussed in Chapter 4
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index n when traveling through the waveguide, can be expressed by

2zn(A)
A

k(M) = : (2.16)

However, to precisely describe the phase-matching, we must take into account the temper-
ature dependence of the effective refractive indices n(1) — n(A, T) and the crystal length,
i.e., the poling period A — A(T). With that, we can modify Eq. (2.10) to find the required
poling period at operation temperature T to fulfill the phase-matching condition

1 _ np(/“'P’T) _ nS(AS’ T) _ ni(Ais T)
AT A A A

(2.17)

This temperature dependence of the poling period is often exploited to tune the phase-
matching point of a titanium in-diffused waveguide by varying the crystal temperature.
This method enables compensation for fabrication imperfections and operating the fre-
quency converter at the planned wavelength combination. However, this technique is
certainly incompatible with cryogenic operation, as the temperature is fixed through the
cryostat. Moreover, the tunability becomes negligible in the low Kelvin range, because
changes in the refractive indices and the crystal length disappear at 0 K. Consequently, the
poling period that is present at cryogenic temperatures is already fixed during fabrication.
This means, we rely on precise knowledge of the temperature dependencies to determine
the poling period, that must be fabricated at room temperature, which results in cryogenic
phase-matching for a designed process.

The empirical refractive index data for bulk lithium niobate, which goes into the RSoft
simulations, is based on measurements for operation temperatures from room temperature
upwards [160]]. However, the Sellmeier equations for the ordinary and extraordinary
indices which were found for these temperatures can be extrapolated for the cryogenic
temperature range. This provides a first assessment of the magnitude of the shift. We feed
the extrapolated Sellmeier equations into the simulation to obtain the estimated shift in the
effective refractive indices during the cooldown. This data is shown exemplary in Fig. 2.4
for the TE- and TM-polarized fundamental modes at 1550 nm. Both refractive indices
decrease for decreasing temperature. It can be seen that the extraordinary refractive index
exhibits a much stronger temperature dependency than the ordinary one. The description
of the type-II phase-matching investigated in this work requires knowledge of both indices.
The type-0 process relies on the extraordinary index only.

The temperature-dependent poling period is defined by the thermal contraction of the sub-
strate during a cooldown. The available empirical data for the thermal expansion coefficient
of congruent lithium niobate in the direction of our waveguides spans temperatures down
to 60K p- 47]. A polynomial fit is performed on this data to describe the change in the
length as the contraction coefficient «(T). While a third-order polynomial is sufficient for
narrow temperature intervals p- 45], a fifth-order fit is employed to characterize the
behavior across the full range from 60 K and 298 K. The higher-order model minimizes the
residual error. This fit function is used in the subsequent chapters to describe the poling
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Figure 2.4: Temperature dependence of the effective refractive indices of a titanium in-diffused
waveguide. The simulation is performed for the fundamental spatial mode at 1550 nm
and a titanium strip width of 7 um. The TE-polarized mode experiences the ordinary
refractive index, the TM-polarized mode experiences the extraordinary refractive index,
respectively. For comparison, both y-axes cover an interval of the same size.

period A(T) for temperatures below room temperature according to A(T) = a(T)Arr,
with the room temperature poling period Agrt = A(298 K). The function is given by

a(T) = ap + ;T + a;T* + a3 T + a,T* + asT°, (2.18)

with  the coefficients ag =0.99801, a; =2.93374-1077, a, =—2.7847-107%,
as = 4.49085-107°, a, = -1.36872-107'2, and as=1.39948-10"". Fig. 2.5 shows
Eq. (2.18) for the temperature range from 60 K to 300 K. It can be seen that the changes in
the length become negligible as the temperature decreases toward 60 K. This is consistent
with the trend of the thermal expansion coefficient, which must disappear at 0 K. For this
reason, the crystal length and thus the poling period are approximated to remain constant
in the cryogenic temperature range from 0 K to 60 K. For this range, a(60 K) is assumed,
which is illustrated in Fig. 2.5/ as a dashed line.

It is important to note that the total geometric contraction of the Ti:PPLN waveguide is
quite small, approximately 0.2 % over the temperature range of interest. Because of the
minor contraction, the shift in the phase-matching conditions is driven predominantly by
the temperature-dependent refractive indices of lithium niobate. Nevertheless, Eq. (2.18)
is employed to quantify the length contraction, ensuring that the phase-matching model
accounts for the total cryogenic changes of the platform.
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Figure 2.5: Percentage change in the waveguide length and poling period, respectively. The
temperature-dependent change is described by the contraction coefficient a(T). For
cryogenic temperatures below 60K, the length is considered to be constant.

Revised temperature dependence of Sellmeier equations

As stated above, direct extrapolation of the Sellmeier equations leads to an initially non-
quantified uncertainty for the simulations of the cryogenic modes. Preliminary work for
this PhD project concentrated on evaluating the accuracy of this extrapolation for type-II
phase-matched SHG. An empirical correction for the effective refractive index data was
established by monitoring the temperature-dependent shift of the phase-matched second-
harmonic wavelength during a cooldown or warmup procedure. While the extrapolated
data predicted a wavelength shift of about 19 nm from room temperature to cryogenic
temperatures, the observed experimental shift was approximately 40 % larger. Therefore,
the empirical correction provides a much more accurate description of the cryogenic
second-harmonic wavelength in our waveguide platform. This correction method and
corresponding measurement series were initialized by Bartnick et al. [[131]], and continued
in the scope of my Master’s project.

For the case of type-II SHG, Eq. (2.17) can be simplified as both incident fields have the

same wavelength A; = A; = A, corresponding exactly to twice the generated wavelength
Ap = A/2,
A A

2ne(2.T) — nig(AT) — ney(AT)  An(AT)

Aspc(T) = (2.19)
The temperature-dependent effective refractive indices are combined to form the single
expression An(A, T). This linear combination is then modified with An(A, T) — An(A, T) +
on(T), where dn(T) is a temperature-dependent fifth-order polynomial function. This
correction accounts for any experimental deviations in the shift of the phase-matched
second-harmonic wavelength. The fit function was chosen by Bartnick et al. [131]], as
their initial correction term demonstrated apparent nonlinear behavior in the investigated
temperature range from 0K to 300 K.
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Figure 2.6: Temperature-dependent shift in the measured SHG pump wavelength for five wave-
guides with different poling periods. The uncorrected simulation is shown as dashed
lines and the solid lines represent the corrected simulation using the correction term
defined in Eq. (2.21).

In the first experiments by Bartnick et al. [[131]], one waveguide with a poling period
of 9.12 um was fiber-coupled and characterized in a closed cryostat. The chosen poling
period was known to enable phase-matching at room temperature in the telecom C-
band. The second-harmonic wavelength was monitored throughout two cooldown and
warmup cycles. During my Master’s project, I repeated these measurements with a separate
waveguide sample using a free-space coupled cryostat. I conducted a step-by-step cooldown
while observing five waveguides with different poling periods. These experiments were
performed within the same cryostat which is also employed in the scope of this work. A
detailed description of the cryostat design can be found in Section 2.2.1!

The measurement of five individual waveguides allowed for finer modifications of the
correction term which was defined by Bartnick et al. [131]]. Fig. 2.6 shows the measured
wavelength shifts for the five waveguides, together with the uncorrected and corrected
simulations. The uncorrected curves demonstrate the raw simulation relying on the ex-
trapolated data, while the corrected curves result from applying the following fit to the
experimental data

AMT) = Asug(T)(An(A, T) + 6n(T)) . (2.20)

While both theoretical models describe the wavelengths well around room temperature,
the empirical correction is clearly required to accurately describe the cryogenic second-
harmonic wavelengths. Therefore, the determined correction term represents a crucial
tool to define the cryogenic poling period for type-II phase-matching. To be precise, this
correction can be applied for cryogenic SHG and thus SPDC in the telecom range. All
phase-matching calculations in Chapter 3 thus rely on the correction term, which is given
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by
Sn(T) = bg + b1T + byT? + bsT> + by T* + bsT°, (2.21)

with by =1.64328 -1073, by = —4.77961-107°, by =1.06429 -1077, b3 = —1.56532 - 1077,
by = 6.62398 - 1072, and bs = —8.64840 - 1075,

Photorefraction and pyroelectricity in lithium niobate

In addition to the need for accurate refractive index data, photorefractive and pyroelectric
effects represent further challenges for cryogenic operation. Both effects cause a localized
accumulation of electric charges within the lithium niobate substrate [88]. Although caused
by different underlying material properties, in both cases, the arising electric fields result
in a modification of the refractive index profile of the waveguide. This is caused by the
electro-optic effect, which describes the alteration of the refractive index as a function of
an applied electric field [88]]. As a result, these effects can cause beam distortions during
propagation or alter the phase-matching.

The effect of photorefraction is mainly driven by crystal defects which get trapped within
the crystal structure during its fabrication [[153]]. These crystal defects weakly absorb the
coupled light intensity, which results in a separation and redistribution of their charge
carriers. For instance, the electrons within the bright waveguide area are excited into
the conduction band and diffuse into darker regions of the substrate [153]. The induced
dislocation of the charge carriers is equivalent to internal electric fields which arise within
the crystal.

Lithium niobate has a bandgap of approximately 4 eV [162]. Consequently, a high energy
photon from the UV range is required to cause a direct excitation of an electron from
the valence band to the conduction band. Intrinsic and extrinsic crystal defects, such as
point defects or impurity centers, enhance the absorption of visible light. This process is
associated with the formation of stable charge distributions in the form of polarons
[165]]. These polarons are created through the relaxation of excited electrons from the
conduction band, or holes from the valence band, into a quasi-particle state, called the
electron or hole polaron [[162].

It is known that for all variants of lithium niobate, intrinsic defects appear due to slight
deviations of the Li:Nb ratio from 1:1. Specifically, for congruently-grown lithium niobate,
as it is used in this study, this ratio is typically Li:Nb = 0.94 p- 10]. Consequently, this
lithium deficit results in the presence of lithium vacancies; about 6 % of the lithium sites
in the crystal lattice are empty. Some of these vacancies get occupied by a niobium ions.
These niobium ions placed on original lithium sites are then called lithium anti-sites and
denoted as Nby;. These crystal defects and impurity centers form additional energy levels
within the bandgap, which can act as donor or acceptor centers. Furthermore, small iron
impurities are generally present in every lithium niobate crystal. Since iron in the form
of Fe?* and Fe®* is known to provoke photorefractive damage , these impurities are
included here for completeness.
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Several kinds of polaron states are known to exist for lithium niobate, which correspond
to various energy levels within the bandgap. For a detailed discussion of the generation
and dissociation of polarons, as well as the transition energies, the reader is referred to

Ref. [162}[167]]. Here, a short overview of the different polaron types is given [[162]:

1. Free polarons are formed by electrons localized at Nb ions that are placed on Nb
sites Nbﬁ;{). These free electron polarons can move through the crystal by hopping
between neighboring niobium ions. A relatively low photon energy of 1.1eV = 1130 nm
is required to excite an electron from a free polaron into the conduction band.

2. Bound polarons are given by electrons localized at Nb ions which are placed on Li
sites Nb;T. These bound polarons are trapped at those defects at an energy below the
energy of the free polaron. Consequently, higher photon energy of 1.6 eV ~ 775 nm is
necessary to break up a bound polaron.

3. Bipolarons correspond to a pair of a bound and a free polaron Nby; + Nb;}. To excite
a bipolaron, even higher photon energy of 2.5 eV ~ 495 nm is required.

4. Hole polarons are localized at O~ ions. So far, little is known about the energy level
and properties of free hole polarons. However, the bound hole polarons are localized
at O~ ions adjacent to lithium vacancies, which have a comparably high absorption
energy of 2.5eV.

5. Iron impurities such as Fe?* and Fe®* provide additional inter-band states. Fe?*
can change into Fe** by donating an electron, which forms an electron polaron in
the neighborhood. Likewise, an electron can be captured by a Fe** ion, which forms
a deep filled electron trap Fe?*. To excite an electron from this trap, an energy of
2.6 eV =~ 475 nm is necessary.

The excitation of an electron (hole) into the conduction (valence) band is followed by
the spatial transport of this charge carrier through the crystal. The charge carriers can
move by the processes of drift, diffusion, and the bulk photovoltaic effect p- 52].
Specifically, photo-excited charge carriers mainly move due to the photovoltaic effect,
which results for lithium niobate in a preferred movement along the z-axis [168]]. These
electrons are then predominantly captured by deep electron traps. This light-induced charge
carrier arrangement is different from the initial distribution and thus results in electric
fields which disturb the refractive index. Consequently, the linear and nonlinear device
performance is subject to dynamic and often non-deterministic fluctuations. Especially
for high optical power in the visible or near-infrared range, photorefraction can induce
strong beam distortions, such as defocusing, which significantly reduces the overall device
performance [[151]]. Photorefraction in lithium niobate is observed for both, TM- and TE-
polarized fields. However, the change in the extraordinary refractive index (influencing
TM-polarized modes parallel to the z-axis) is much stronger compared to the ordinary one
(influencing TE-polarized modes) [[169].

Furthermore, it is shown that photorefraction can be typically characterized by an intensity
threshold. If the coupled optical power exceeds this limit, serious damage to the waveguide
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is observed. This threshold can be increased by operating the waveguide at higher temper-
ature as this results in an increased electron mobility [170]. Consequently, operating
lithium niobate waveguides at increased temperatures between approximately 100 °C and
200 °C represents a common strategy to suppress photorefraction [171]]. However,
this means that decreased operation temperatures are associated with lower tolerated
optical power levels.

Especially at cryogenic conditions, photorefraction can have a significant effect on the
waveguide performance, which becomes particularly relevant for the cryogenic studies
in this work. The extremely low mobility of the photo-excited electrons leads to a strong
trapping effect. The charges are likely to experience a “freeze in”, which inhibits their
return to the waveguide region, after they got excited into the conduction band and moved
into the darker substrate. We will see in Chapter 4 that photorefraction in particular affects
the cryogenic performance if the NLO process is pumped with visible light. Moreover, a
detailed investigation of the cryogenic photorefractive effect is included in Chapter 5, to
determine practical power thresholds.

Pyroelectricity

We have already discussed that lithium niobate is a ferroelectric crystal whose properties
are exploited for the periodic poling process. Accordingly, lithium niobate is also classified
as a pyroelectric material. The strength of its spontaneous polarization is temperature
dependent. A change in the operation temperature AT induces a change in the spontaneous
polarization AP [172]]. The proportionality is defined by the pyroelectric tensor p,
via APy = pAT [888]. The only nonzero component of the pyroelectric tensor is the z-
component which has a negative value. This indicates that the spontaneous polarization
is aligned with the z-direction (i.e., parallel to the c-axis) and its strength increases for
decreasing temperature.

For z-cut lithium niobate, the cooldown thus causes an accumulation of charge carriers on
the top and bottom surface of the crystal. This results in emerging electric fields within
the material. In general, under ambient conditions, atmospheric charge carriers from the
surroundings can neutralize the accumulating charges on the sample surfaces. However,
cryogenic operation demands an evacuated sample space. The vacuum within the cryostat
prevents compensation and instead causes continued growth of the field strength. The sum
of a multitude of microscopic charge movements results in a non-uniform surface charge
accumulation. Spatially inhomogeneous electric fields are generated. Individual fields can
result in a sudden discharge if the local field strength becomes too high. The electric fields
degrade the device performance, as the waveguides are located directly below the crystal
surface. Consequently, the charge fields induced by pyroelectricity and photorefraction
can perturb the waveguiding quality and, moreover, also alter the phase-matching along
the waveguide.

Specifically, localized perturbations in the refractive index are analogous to a nonuniform
poling period. This can be understood as follows; although a consistent poling period
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over the complete waveguide length is fabricated for the processes characterized in this
work, spatial modifications in the refractive index along the waveguide result in varying
phase shifts. These local perturbations prevent the phase-matching condition from being
consistently satisfied across the entire length of the waveguide. Consequently, the guided
modes experience an inconsistent poling period, which reduces the effective length. This
can be experimentally deduced from two observations: first, a reduced conversion efficiency,
and second, perturbations in the phase-matching spectrum, which manifest themselves in
the form of deviations from the ideal sinc? function (e.g., asymmetric side peaks).

Previous work has shown that the cooling procedure to cryogenic temperatures leads
to unpredictable changes in the electrical and optical crystal properties
[173]. These events exhibit the signatures of spontaneous discharges of unbound carriers,
which occur stochastically across different time scales throughout the thermal transition.
Bartnick et al. observed the shift in the phase-matched SHG wavelength of a Ti:PPLN
waveguide throughout the cooldown from 292K to 4.4 K. Their results demonstrate sud-
den jumps in the wavelength, as well as slow transitions in which two phase-matched
wavelengths are present at the same time. These signatures are a strong indicator that the
waveguide properties experience local perturbations, which are related to the accumulation
and discharge of pyroelectric fields [[131]]. Similar to the photorefractive effect, any charges
which do not discharge during the cooldown, become localized in form of a “freeze in”,
affecting the cryogenic device characteristics.

Consequently, two primary mechanisms are expected to influence the linear waveguiding
and nonlinear phase-matching properties at cryogenic temperatures. First, the thermal
transition itself may induce localized variations in the refractive index, due to the pyroelec-
tric effect. Second, due to photorefraction, the incident light intensity can cause further
damage to the waveguide (by inducing perturbations in the refractive index profile) while
the frequency converter operates at a stable cryogenic temperature.

2.2 Experimental methods

This section concentrates on the first research question of how to reliably measure the
cryogenic waveguide performance metrics. Considerations for the design of the experi-
mental setup include the cryostat design, waveguide mounting and coupling methods, and
finally the measurement procedures. These insights form a foundation for understanding
the cryogenic experiments discussed in the subsequent chapters.

2.2.1 Cryostat configuration for waveguide characterization

In order to reach the realm of liquid helium for cryogenic waveguide operation, two
primary approaches may be pursued. The first involves fiber-coupling the waveguide
to mount it within an enclosed cryostat, whose vacuum chamber is completely isolated
from ambient light. Alternatively, advances in cryogenic technologies allow for highly
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customized cryostat designs. This flexibility enables, among other features, free-space
optical access to the vacuum chamber.

The first approach represents a valuable option for Ti:PPLN waveguides due to the high
spatial overlap of the waveguide and fiber modes. In this process of fiber-to-waveguide
coupling (known as pigtailing), a cleaved glass fiber embedded in a ferrule is attached to
the waveguide end facet using UV glue. However, this method is limited in multiple aspects.
The fiber coupling requires accurate alignment of the fiber and waveguide core before
both components are permanently glued together. This alignment is performed at room
temperature and restricts the cryogenic characterization exclusively to the previously fiber-
coupled waveguide(s). While this restriction is negligible for waveguides already validated
at cryogenic temperatures, it represents a significant obstacle for prototyping experiments
that necessitate the initial characterization of multiple waveguides. Furthermore, the glued
connection can become brittle at cryogenic temperatures and slight movements due to
thermal stress can result in losing the waveguide coupling. Restoring the coupling requires
considerable effort, including warming up the system, relieving and cleaning the end facets,
and repeating the pigtailing process. Finally, this method does not allow to separate the
effects of changes in the coupling efficiency from variations in the waveguide itself. For
example, alterations in the spatial mode profile cannot be observed.

In contrast, the free-space coupled cryostat design meets all the specified challenges. Fig. 2.7
provides an overview of the vacuum chamber in opened and closed configurations. The
cryostat cover is equipped with transparent windows to couple light to the cryogenic sam-
ple. Moreover, the vacuum chamber is integrated into an optical table. This enables direct
implementation of the cryogenically operated waveguide into a free-space optical setup.
The laser beam is coupled to the waveguide end facets using two aspheric lenses positioned
outside the cryostat. Therefore, this design allows to apply the same waveguide coupling
method, that is validated for room temperature operation, for the cryogenic measurements.
The only difference lies in the windows that separate the cryogenic chamber from the
free-space setup at room temperature. For this reason, the cryogenic investigation is not
limited to preselected waveguides. Integrated piezo positioners allow for in-situ reposi-
tioning at cryogenic temperatures, so that variations in the alignment can be compensated
at any time. Furthermore, original changes in the waveguide performance can be detected,
including imaging of the guided modes.

The measurements in this work were conducted using a customized closed-cycle helium
cryostat (attoDRY800, Attocube). The waveguide sample is mounted on a component stack,
which features two piezo positioners (see Fig. 2.7 (a)). These allow for precise movement
with a repeatability of less than 2 pm in the x-direction (perpendicular to the waveguide
orientation) and z-direction (height). The z-positioner has a travel range of 5mm and
the x-positioner can travel over 15mm. This distance in x-direction is large enough to
scan through all waveguides on a single chip, which has by default a width of 12 mm. The
positioners thus provide maximum flexibility for prototyping experiments in which every
waveguide should be tested. Furthermore, the positioning in the z-direction is crucial since
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Figure 2.7: Photographs of the free-space coupled cryostat. (a) Waveguide mounting stack, in-
cluding two piezo positioners, a temperature sensor and a heating unit. (b) Waveguide
coupling at room temperature in the opened cryostat, using two aspheric lenses, each
mounted on a three-axes stage. (c) Inner shroud, which serves as a cold shield. (d) Fully
closed cryostat with the installed vacuum shroud.

the cooldown process causes the complete mounting stack to contract and thus shifts the
waveguide height.*

No positioner is installed for the y-direction, as the dimensions of the inner cryostat
shroud are designed to position the waveguide end facets close to the cryostat windows.
This proximity is crucial for coupling light into the cryogenic waveguide using the lenses
mounted outside the shroud. For a standard waveguide length of 25 mm, the gap between

4The initial cryostat configuration did only include the x-positioner, the z-positioner was updated about
three years later. The first waveguide coupling approach was to counteract for changes in the waveguide
height by readjusting the free-space beam height, which required huge alignment effort. The additional
z-positioner thus improved the alignment procedure significantly. All cryogenic measurements presented
in Chapter 3 were conducted with the x-positioner only, while the measurements in Chapter 4 and most
measurements in Chapter 5/ were conducted using both positioners.
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end facet and the shroud is only 1.5 mm, ensuring a short working distance. The minimum
working distance for our system is about 13 mm. Since the weakly confined modes of
Ti:PPLN waveguides have relatively large mode sizes, coupling does not require exception-
ally high numerical apertures. This allows for the use of standard aspheric lenses, which
can be adjusted to compensate for the thermal contraction of the waveguide during the
cooldown.

The brass adapter, which is mounted on top of the stack shown in Fig. 2.7 (a), includes a
temperature sensor, that detects the temperature close to the sample, and a heating unit.
The heater is controlled via a PID loop. The cold plate can either cool down the system,
or be turned off; initially there is no option to adjust the cooling rate. If the cryostat is
cooled down with the heater turned off, the cooldown is completed in less than 5 hours.
However, for the characterization of lithium niobate, we rely on a slow cooldown so that
accumulating pyroelectric charges can partially discharge again before their mobility is
reduced significantly. For this reason, our cryostat is equipped with the additional heating
unit to ensure a slow cooling rate which does not exceed 1 K/min at any point. This extends
the cooldown time to about 8 hours. This cooling rate is ensured at the sample stage only,
while the cold plate cools down continuously. Consequently, large temperature gradients
can exist in the cryostat when the heater is running with high power. However, the brass
adapter is connected to the cold plate via three braided thermal links to enable the lowest
possible sample temperature after the cooldown is completed. The base temperature at
the sample stage, which was achieved for the following cryogenic measurements, varied
between 4.7K to 6.6 K, depending on the cryostat’s condition and maintenance history.

Fig. 2.7 (b) shows the mounting of a waveguide chip on the positioner stack while the
cryostat is completely opened. A copper height spacer is screwed to the brass adapter.
The lithium niobate chip is placed on top of it using a small amount of thermal grease in
between. The grease is sticky enough to keep the sample in place without clamping it,
which would introduce additional strain and could alter the optical properties. In order
to couple the waveguide, two aspheric lenses are mounted on a three-axes stage each.
The height of the waveguide is matched to the optical axis of these stages. The cryostat
dimensions require that the lenses stick out to get close to the waveguide end facets. For
this reason, each lens is attached with a lens tube to the stages, bridging a distance of
approximately 10 cm. This extension makes the lenses sensitive to any vibrations which is
why the stages require careful alignment. The lens tubes are further equipped with an iris
that is mounted directly behind the lenses. This facilitates the alignment process.

The sample chamber of the cryostat is enclosed by two different covers. Fig. 2.7 (c) and (d)
show the inner and outer cover, respectively. In order to close the chamber, the lens tubes
must be temporally dismounted, which typically results in slight misalignment after they
are reinstalled. The inner shield is connected to the 40 K stage and acts as a cold shield.
Attention should be paid that no components or cables are touching the cover to ensure
best thermal isolation. From the original three windows of the inner shield, the two side
windows were taken out at an early stage, since they introduced additional reflections
of the laser beams, which complicated the coupling procedure. As a result, the sample
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temperature increased by only 0.5K, which is expected to have a negligible effect on the
waveguide performance. The vacuum is maintained by the outer cover, which features
three windows to enable optical access to the waveguide end facets and top surface.

2.2.2 Waveguide mounting and coupling procedure

As stated in the previous section, the waveguide sample is fixed to the copper adapter
using a small amount of thermal grease. This leaves a degree of freedom for the angle
alignment, which is crucial for optimized coupling and cannot be corrected at a later stage.
For this reason, it is important to have the beam aligned perfectly straight and to place
the waveguide chip parallel to the beam. The following instructions serve as a guide for
the keen experimental scientist, to achieve coupling of the waveguide in the introduced
cryostat. Fig. 2.8/ provides a graphical guide, while the details are discussed in the main
text.

1. Waveguide placement and straight beam alignment. In the first step, tweezers
are used to carefully place the waveguide sample on top of some thermal grease on the
mounting stack. Its height is reduced at first to not block the visible alignment laser,
which is turned on next. This beam is aligned straight at the optical height of the lens
stages. For the beam alignment, the lens tubes are being excluded from the setup for
now to allow undisturbed beam alignment. The alignment is performed using one iris
in front of the in-coupling stage and another one behind the out-coupling stage. Using
a dichroic mirror, the alignment laser is overlapped with the IR pump laser for the later
experiments. After the beams are straight, I recommend to add an additional iris in
front of the in-coupling stage. This provides two checkpoints for the alignment of the
input beam as soon as the waveguide is in place. While this might not be necessary in a
stable experimental setup, the waveguide stack moves during the cooldown which can
require movement of the input beam. The two pinholes function as a reliable reference
point, enabling quick restoration of the original coupling alignment - a feature that
has efficiently decreased the alignment time during my experiments.

2. Central alignment of lens stages. The input and output lens tubes are placed in
the beam path. At this point, only the tubes are attached with no lenses. Each tube
possesses an integrated iris to facilitate its alignment. The x- and z-direction of both
stages are adjusted so that the transmitted intensity through the integrated irises is
maximized.

3. Angle alignment of the waveguide sample. For now, the lens tubes are unscrewed
again without changing the position of their stages. The sample is moved upwards
so that the VIS beam is incident roughly in the center of the waveguide input facet.
The back reflection of this facet is observed on one of the pinholes. Gentle pressure is
applied on the sample corners using plastic tweezers to modify the angle alignment
until the back reflection is overlapped with the incoming beam.
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Figure 2.8: Graphical guide for waveguide coupling within the free-space coupled cryostat setup.
These coupling steps must be performed on the opened cryostat in preparation for the
subsequent cooldown.

4. Alignment of in-coupling focus. The in-coupling lens is attached together with the
lens tube to the stage which was previously aligned in the x- and z-direction. To align
the y-direction, again, the back reflection of the input facet is observed on the iris. This
reflection approaches a focused spot as soon as the input facet is roughly aligned in
the focal plane. The employed translation stages provide 2 mm of travel for precise
alignment, while an integrated rail system allows for manual positioning over longer
distances. The lens is at first roughly aligned in the y-direction by manually moving
the tube mount within the rail. For this, the adjustment screw for the y-direction
should be extended approximately halfway to keep enough range of motion for the
later optimization. As soon as the back reflection is focused, alignment of the x- and
z-axes should be fine tuned to overlap this reflected spot with the input beam.
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5. Alignment of out-coupling focus and waveguide positioning. The height of the
waveguide sample is reduced until the input beam hits the upper edge of the sample,
as the waveguides are located just beneath the surface. Next, the out-coupling lens
tube is inserted. Its y-direction is set by placing an alignment card at least 30 cm away
from the lens and focusing the scattered beam pattern. The scattered pattern must
be interpreted correctly in order to precisely adjust the waveguide positioners. If the
sample is slightly too high, this results in a uniform light pattern, sharply confined
on the top and bottom due to the sample dimensions (see Fig. 2.9 (a)). Moving the
sample slightly too low leads to an interference pattern because part of the intensity is
reflected from the sample surface (see Fig. 2.9 (b)). The waveguides are located at the
transition point between those two patterns. At this height, the x-positioner of the
sample stage is moved to find a waveguide, represented by a bright spot on the card
(see Fig. 2.9 (c)). Since the waveguides are not optimized for visible light operation, the
waveguide spot is surrounded by stray light that is coupled to the substrate.

6. Fine tuning for the IR laser beam. After the initial waveguide coupling is completed,
the VIS alignment laser is blocked and the IR pump laser is turned on. In my experi-
ments, the pump wavelength was in the range from 775 nm to 1600 nm, which required
exchanging the white paper card by a fluorescent card to monitor the transmitted beam.
Based on the longer wavelength, the in- and out-coupling focal points are further away
than for the visible alignment beam. Fine tuning of the lens stages is thus initialized by
adjusting their foci (y-direction). Modification of the focus of each lens often results in
basic waveguide coupling which allows for further fine adjustment along all axes. The
waveguide spot is collimated and aligned through the rear iris by modifying all axes of
the out-coupling lens. It is recommended to use a beam camera, or a power meter, to
maximize the transmitted power through the waveguide.

Figure 2.9: Scattered light profile from the waveguide sample, focused on a white card using the
out-coupling lens. (a) The sample is moved too high, (b) the sample is slightly too low,
and (c) a waveguide is coupled.
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Any measurements at room temperature can be performed on the opened cryostat after
these alignment steps. Without the cryostat cover, the complete sample surface can be
monitored. For this reason, a microscope is placed above the waveguide sample so that the
in-coupling facet is observed. The visible alignment laser is used to obtain information
about which waveguide is coupled. Scattered light at the input facet can be seen on the
microscope, and lithographically patterned waveguide marker reveal the waveguide index.
It is especially crucial to determine the index of the coupled waveguide at this stage, before
the cryostat is closed. Although the shrouds possess a window on the top, this window is
centered and thus does not provide optical top access to the end facets. A future cryostat
design should feature top windows that are located as close as technologically possible to

the edges.

While the preceding alignment protocol is applicable to room-temperature characterization,
the cryogenic operation requires extension of this established procedure. Before closing
the cryostat, I recommend to return to the previous step using an alignment laser and
optimizing the focal lengths for that visible beam. This often facilitates the verification
of the coupling to a waveguide, which is why the cryogenic coupling should be started
with a visible beam. Since the cryogenic waveguide is more sensitive to photorefractive
damage, it is advisable to chose a low energy visible beam. While a green alignment laser
(as shown in Fig. 2.9) is not expected to induce photorefraction at room temperature, the
cryogenic alignment should be performed with a low power red laser, e.g., at 635 nm.

After the waveguide index is noted down for the current x-position, the cryogenic investi-
gation is initialized with the following steps. Closing the cryostat requires dismounting
the microscope and the lens tubes. The tubes are unscrewed from the stages without
touching the alignment screws. Next, the inner and outer shroud are closed and the lens
tubes are carefully reattached. In the optimal case, the waveguide is directly coupled again.
Otherwise, slight movements of the in-coupling stage should restore the coupling. From
now on, it is not possible to see from the top which waveguide is coupled. For this reason,
the x-positioner of the waveguide sample should be scanned to determine the distance to
the neighboring waveguides. It is possible that the reattachment of the lens tubes results
in coupling of a neighboring waveguide. However, coupling to a different group is very
unlikely. The distances between the waveguide positions thus reveal which waveguide of
a group is coupled and if it is the same one as before. I recommend to couple to the center
waveguide of a group before the cooldown is started. The waveguide coupling should be
optimized, including collimating the out-coupled beam and aligning it through the iris.

Now, the system is ready to perform the cooldown. The most reliable approach to maintain
coupling is to monitor the waveguide movement during the cooldown in intervals and
realign the waveguide stage every time. However, this method is not very convenient and
for efficient use of time, the cooldown might be performed over night. After the cooldown
is completed, the waveguide is initially located outside the beam. Moreover, the positioners
display a different location than before. The new values should be noted down. Most
alignment changes appear in the waveguide height due to the dimensions of the mounting
stack. Nonetheless, experience has shown that the other axes and the angle alignment are
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not excluded from thermal warp. However, the starting point for restoring the coupling is
to move the sample upwards and monitor the changes in the interference pattern from
the visible beam. If the transition point of the sample surface can be recognized, slight
changes of the waveguide x-position reveal a coupled waveguide.

The targeted waveguide should be close to the initial x-position that was displayed directly
after the cooldown. As soon as a waveguide is found, its position is noted down and the dis-
tance to the neighboring waveguides is identified. If a central waveguide from a group was
coupled at room temperature, the cryogenic waveguide that is found closest to the original
position is expected to be from the same group. Should verification of this assumption be
desired, one can move the sample along the x-axis until the last waveguide on the sample
is located, to compare the distance. In case, multiple different phase-matched processes are
fabricated on one chip, the nonlinear characterization (detailed in Section 2.2.3) can also
verify the waveguide index. Major changes in the phase-matched wavelength highlight
the transition to another phase-matching group. Finally, after the targeted waveguide is
identified, the waveguide coupling for the pump wavelength is optimized by fine tuning
the lens stages.

Though the described procedure outlines the ideal alignment process, its practical execu-
tion often encounters significant difficulties. First of all, the piezo positioners react more
stubborn under cryogenic conditions. The same movement in the two opposite directions
results in different step sizes. This can cause a slow movement in one direction, while the
other direction is scanned too fast so that the waveguides are overlooked. Consequently,
it is recommended to always approach the waveguides from the slower direction and to
continuously monitor the absolute positioner locations. However, although closed-loop
positioners are used, the absolute position of a waveguide can vary by a few micrometers
when moving in different directions.

Furthermore, the scattered light profile from the cryogenic chip can look different compared
to the room temperature observations. Changing the sample height at room temperature
results in an obvious transition point from coupling into the substrate to hitting the surface.
However, this transition cannot always be confirmed for the cryogenic sample. This can be
caused by slight tilting of the sample along the angles @ and . Variations in these angles
can be verified through focusing the input beam on the waveguide facet and detecting
the back reflection on an iris. If the back reflection is aligned with the input beam, the
waveguide angles remained the same. Unfortunately, deviations cannot be completely
compensated with the employed setup. Even though the angle of the input beam can be
modified, the lens stages do not allow for angle alignment. Therefore, a tilted input beam
would not pass straight through the center of the lens, which causes astigmatism. Any
angle movement during the cooldown thus limits the cryogenically achievable coupling
efficiency.

The second, and more critical, reason why the transmitted pattern exhibits alterations,
lies in the internal material changes. “Frozen in” pyroelectric charges can substantially
affect the optical waveguide properties, resulting in significant light scattering from the
waveguide mode into the substrate. This reduces the signal-to-noise ratio in the transmitted
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pattern as the waveguide spot appears less bright compared to the background intensity.
Depending on the degree of disturbance, this can seriously impair the coupling process.
Circular spots in the noise pattern may be falsely identified as a waveguide mode. For this
reason, the periodicity of the suspected waveguide should be reviewed and compared to
the fabricated waveguide distances.

In case the visible alignment beam introduces too much scattered light to identify the
waveguide position, an alternative approach using the final IR pump wavelength can be
pursued. For this, the input polarization is set to TE since this polarization experiences
less optical loss than TM. As will be detailed in Chapter 4, the TM-polarized beam is more
strongly affected by the cryogenic operation than TE-polarized light. The optical input
power should further be limited to the low milliwatt range to avoid photorefractive damage.
A beam camera is placed at least 30 cm behind the out-coupling lens and the image from
the end facet is focused onto the camera plane. The waveguide is slowly moved along
both axes and the scattered pattern on the camera is scanned for a periodically recurring,
elliptical-shaped intensity maximum. If this approach does not result in basic waveguide
coupling, to be optimized in the next step, the currently investigated cooldown did induce
too strong pyroelectric distortions to provide acceptable waveguide performance. In this
case, thermal cycling - warming up the sample and repeating the cooldown procedure - can
generate an altered charge distribution that enables improved waveguide performance.

2.2.3 Nonlinear characterization methods

The experimental investigation of the waveguide properties that is applied in the sub-
sequent chapters is built upon several fundamental characterization techniques. The
principles of these methods are detailed in this section. The essential difference for the
measurements at ambient conditions and cryogenic temperatures lies in the waveguide
performance and not in the applied measurement protocols. Therefore, the following
methods remain valid for cryogenic characterization, provided that waveguide coupling is
assured beforehand.

Always start the classical way

As stated in Section 2.1.1, nonlinear three-wave mixing can be separated into classical
frequency conversion and their non-classical counterpart. Photon-pair generation via SPDC
can only be described non-classically and the generated intensity is strictly within the
single-photon regime. This clearly complicates direct beam characterization as detection
requires the use of fiber-coupled SNSPDs. Achieving efficient single-photon coupling from
a free-space cryogenic setup represents a demanding experimental challenge.

The alignment of the optical setup is significantly facilitated by first performing the classical
analogue to the targeted SPDC process. The differences between the experimental setups
for the initial classical characterization and the subsequent non-classical measurements are
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Figure 2.10: Simplified illustration of the basic experimental setup, required for degenerate and
non-degenerate SPDC. (a) Classical waveguide characterization, and (b) the non-
classical SPDC process. In dependence of the chosen phase-matching, degenerate
type-1I utilized a polarizing beam splitter (PBS) and non-degenerate type-0 employs
a dichroic mirror (DM) for (a) overlapping the pump beams and (b) separating the
photon pair, respectively.

schematically illustrated in Fig.|2.10. Depending on whether (almost) degenerate or non-
degenerate SPDC is chosen, the classical alignment and characterization is performed via
SHG or SFG. Following the optimization of this process, the measurement configuration is
inverted by swapping the input and output ports of the experimental setup; the waveguide
is pumped through the original out-coupling port, and the resulting SPDC photons are
collected from the initial in-coupling port (compare Fig. 2.10 (a) with (b)).

In the scope of this thesis, both degenerate and widely non-degenerate SPDC will be
characterized. In the first case, a type-II process is investigated. The two generated photons
have approximately the same wavelength, but orthogonal polarizations. This allows for
reliable separation of signal and idler with a polarizing beam splitter (PBS). The non-
degenerate SPDC is realized via type-0 phase-matching. This means that both photons
have the same polarization, but due to their widely separated wavelengths, they can be
deterministically isolated using a dichroic mirror (DM). Therefore, the main difference in
the two experimental setups is the optical device to separate the signal and idler photons.

Even though the separation could be realized in fiber, higher efficiencies can be achieved
for separating the photon pair with a free-space component. The reason for this lies in the
spatial mode differences for the two polarizations and unequal wavelengths, respectively.
The TM mode travels more closer to the waveguide surface than the TE mode, and widely
separated wavelengths strongly differ in their spatial mode size. Hence, the signal and idler
photons are first separated in free-space before the fiber coupling of each path is optimized
individually. Conversely, this means that the SHG as well as the SFG characterization is
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set up for two fiber-coupled input beams. While the two input fields that are required for
SHG can origin from the same pump beam, two fiber ports are installed to prepare for the
subsequent SPDC process. The two ports are overlapped via a PBS (or DM) before being
coupled to the waveguide for the SHG (or SFG) characterization.

A few additional details are relevant for the nonlinear waveguide characterization:

1. Polarization control is required for every pump field in order to maximize the conver-
sion efficiency. This is realized by inserting a half-wave plate (HWP) for each pump
beam (compare Fig. |2.10). In practice, the type-Il SHG measurements are performed
using one input port only and adjusting the HWP for diagonal polarization. This way,
the waveguide is simultaneously pumped with TE and TM polarization.

2. The intensity of the generated SHG/SFG beam might be low and often the exact phase-
matched wavelengths are not known before the initial characterization. In order to
align the out-coupling side to a power meter, a visible alignment laser can be beneficial.
Its wavelength should be close to the SHG/SFG wavelength. This laser is overlapped
with the pump beam and coupled into the waveguide. The in-coupling lens remains
optimized for the pump beam, while the out-coupling lens is optimized for the visible
alignment beam. When the visible laser is coupled through the waveguide and focused
onto the power meter, the generated SHG/SFG signal is also detected. A short-pass
filter (SPF) is used to filter the beam from the residual pump intensity.

3. For the classical characterization, the wavelength of the pump laser is scanned in the
proximity of the expected phase-matched wavelength, while the generated beam is
recorded with the power meter. The measured pump-wavelength dependent SHG/SFG
intensity corresponds to the phase-matching spectrum of the waveguide.

4. For aligning the SPDC measurements, the generated classical beam serves as a sta-
tionary reference. The pump beam for SPDC is introduced from the opposite direction
and aligned to overlap with the existing SHG/SFG beam. This facilitates coupling of
the SPDC pump laser to the same waveguide. The photon pairs are filtered with a
long-pass filter (LPF).

Besides the filtering, the newly defined out-coupling side (original in-coupling side) remains
unchanged since it is already optimized for the SPDC photons. If the fiber coupling stages
for the original pump lasers were aligned accurately, the signal and idler photons will be
coupled into the fibers.

39



2 How to get to know your (cryogenic) waveguide

Non-classical investigation of single photons

Once the classical waveguide characterization is completed, the fiber-coupling stages which
were connected to the pump lasers get connected to the SNSPDs for detection. To ensure
clarity, the following chapters present a schematically simplified depiction of single-photon
detection using SNSPDs. Fig. 2.11illustrates the SNSPD icon which is employed in the
experimental setup schematics. Specifically, the detectors are housed in a separate cryostat,
where detection is achieved through flood illumination of the fiber-coupled signal. To
account for the polarization-dependent detection efficiency, the input state is optimized for
each measurement using an in-line fiber polarization controller. The electrical pulses from
the SNSPD are amplified and processed by a time-tagging unit to quantify the detection
events.

Cryostat Time Tagger

>

D~ - -HEE
Polarization

SNSPD Icon Controller

Readout
Electronics

Figure 2.11: Single-photon detection with an SNSPD. The following illustrations of experimental
setups use a simplified representation. The individual icon comprises the polarization
controller, the actual SNSPD inside a dedicated cryostat, the readout electronics, and
the time-tagging unit.

For the non-classical characterization, the signal and idler photons are detected with the
SNSPDs. In this work, the SPDC process is always pumped with a pulsed laser. Therefore,
a clear temporal correlation between the signal and idler counts can be detected. When
optimizing the alignment, it is always advantageous to maximize the coincidence counts
in order to avoid accidentally maximizing the coupling to a noise signal. Furthermore, the
photon-pair generation can be verified by rotating the polarization of the pump beam.
The SPDC efficiency is highly polarization dependent, so that the process can be ideally
completely frustrated when the polarization is misaligned by 90°. Residual signal and
idler counts for orthogonal polarization typically demonstrate an uncorrelated noise
background. The characterization of the SPDC source comprises the measurement of
different performance metrics, that are introduced in the following.

The source brightness

The brightness of an SPDC source is defined by the ratio of the coincidence rate Cs;
of signal and idler, divided by the pump power. In this work the pump power within
the waveguide is approximated by the transmitted pump power Pyans that is measured
behind the out-coupling lens. The source brightness is thus given by

B= Cs,i

= ) (2.22)
Ptrans
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In order to determine the in-waveguide pump power, the coupling efficiency must
be known. In most experimental realizations, only the ratio of the transmitted pump
power to the input power can be measured. This total transmission is comprised of the
in- and out-coupling efficiency and the optical losses within the waveguide. Therefore,
estimation of the coupling efficiency requires knowledge of the waveguide losses.
Yet, established methods for loss characterization are often ineffective when deployed
under cryogenic conditions, due to inconsistencies in the waveguide performance. This
will be further elaborated upon in the discussion in Section 4.3.1, which explores the
linear waveguide performance under cryogenic conditions.

The Klyshko efficiency

Since the SPDC photons are always created in correlated pairs, one photon is typically
utilized to herald the existence of its counterpart. The efficiency of this heralding pro-
cess strongly depends on the losses in the experimental setup. The photon pair travels
through multiple optical components before signal and idler reach their detectors. The
Klyshko efficiency represents the total losses in the signal or idler path [174], by taking
the ratio of the coincidence rate to the single count rate of the other path. For example,
the efficiency for the signal arm is given by
Csi

= (2.23)

IKlyshko,s = Ci

while we can also define a combined, average Klyshko efficiency for both paths accord-

ing to
/ c2,
Miyshko = \| 5 SCI , (2.24)
S“1

where Cs and C; are the signal and idler count rate, respectively. Consequently, this
parameter defines the probability to detect a photon, given the condition that the
corresponding herald photon was detected. This makes the Klyshko efficiency a decisive
parameter for assessing the performance of the photon-pair source.

The coincidences-to-accidentals ratio

An additional measure for the quality of a photon-pair source is the coincidences-to-
accidentals ratio (CAR). It defines the ratio of the true coincidence count rate to the
accidental coincidence count rate from a pair source. A high CAR indicates strong
temporal correlation and low noise. In the low photon-pair generation probability
regime, the accidental rate of a pulsed source can be approximated by the product of
the single count rates C;C;, normalized to the laser repetition rate Rye,. The CAR is
then given by

s,iRrep

Cs Ci ’

where C;; is the raw measured coincidence rate, which includes both the true coinci-
dences and the accidentals.

CAR =

(2.25)
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The spectral purity

The joint spectral amplitude, as introduced in Eq. (2.15), describes the spectral properties
of the SPDC source. Therefore, the JSA is directly related to the spectral purity, which
represents the number of occupied frequency modes in the spectral distribution. This
purity is limited by any spectral correlations of signal and idler. In order to analyze
these correlations, a singular-value decomposition, or Schmidt decomposition, of the
JSA can be performed [[175H177]]. The two-dimensional, normalized function can be
decomposed as the sum of sets of orthonormal functions ; (ws) and ¢; (w;) weighted
with individual amplitudes r¢

Flogo) x Y np()g(w). (2.26)

k

The effective mode number is then given by K = 1/, (|r¢|*) . These modes are
known as the Schmidt modes, as they are required to express the JSA. The mode number
equals unity if only one mode is occupied, which corresponds to the photons being
emitted in a pure state. The higher the effective mode number, the lower the spectral
purity.

The second-order correlation function

42

The second-order correlation function g®) characterizes the photon-number purity
of the SPDC source. Due to the spontaneous character of SPDC, there is a non-zero
probability for emitting multi-photon pairs. The correlation function ¢‘?) (z) for char-
acterizing a pulsed, single-mode state with zero time delay 7 can be expressed in terms
of the number operator 7 p. 34]

(a(n—1))

g% (0) = G (2.27)

The number operator measures the number of photons in one pulse. Hence, g'* (0)
represents a direct measure if the generated photons are bunched or anti-bunched [[178].
Thereby, g (0) < 1 defines non-classical light . To be more precise, g?) (0) < 0.5
constitutes the benchmark for single-photon generation, as g'® (0) = 0.5 corresponds
to a two-photon Fock state [81]]. For a spectrally pure SPDC source, the photon-number
statistics follow a thermal distribution, thus the unheralded correlation function is
given by gl(lz) (0) = 2. However, if more frequency modes are occupied, the detector
measures the convolution of the individual thermal photon statistics. The higher the
Schmidt number, the more the convolution approaches a Poissonian photon-number

connected to the effective mode number by gl(lz) (0) =1+1/K [176].

In practice, the unheralded and heralded ¢‘® functions are measured by inserting a
balanced (50:50) beam splitter into the path whose photon statistics are characterized
(i.e., the signal or idler path). We refer to the count rates measured for these two output
ports of the beam splitter as C; and C,. The count rate of the heralding photons is

distribution and thus the gl(lz) (0) approaches unity || This i uantity is directly
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specified as Cs3. We can then describe the unheralded correlation function as

(2.28)

where Cj, are the two-fold coincidences and Ry, is the laser repetition rate. The

heralded ¢®® function is given by

Ci23C3

(2)
0) = :
9 (0) Ci3Cy3

(2.29)
with the three-fold coincidences Cy,3. The SPDC process is typically pumped with low
optical power, so that the probability P for multi-photon events is much lower than for
a single-photon pair, i.e., P(n > 2) < P(n = 1). Under these conditions, the heralding
process enables the realization of high photon-number purity, approximating an ideal

single-photon source with g}(lz) approaching zero.

Indistinguishability

The indistinguishability of the photons that are emitted from an SPDC source (e.g.,
from the signal and idler mode or from subsequent pulses) can be quantified with a
Hong-Ou-Mandel (HOM) interference measurement [26]]. If two perfectly identical
photons are incident simultaneously on two input ports of an ideal 50:50 beam splitter,
they interfere so that they always exit the beam splitter through the same output
port p. 46]. This principle is employed by combining the photons from different
pulses on a beam splitter while tuning their relative time delay 7. The measurement of
coincidences between the two output paths in dependence of the time delay results in
the typical HOM dip. This dip is centered around 7 = 0, which represents the point of
maximum overlap of the interfering photons. The visibility Vijom of the HOM dip is
given by the ratio of coincidences C at zero time delay compared to the coincidences
for a temporal delay that is much larger than the bandwidth of the dip Azg;

C(r=0)

- 2.30
C(r > Argip) (2:30)

Viom =1
This visibility is directly related to the indistinguishability of the photons. Maximum
visibility of 100 % can only be reached if there is never more than one photon in
either input port and if those two photons are perfectly indistinguishable and in
a pure state p- 47]. If the normalized dip goes below the threshold of 0.5 for
classical interference (corresponding to a visibility of Vijom > 50 %), the measurement
verifies a non-classical input state. However, in general, this visibility is limited by any
imperfections. This includes, for example, multi-photon events, the spectral overlap,
the polarization, or the splitting ratio of the beam splitter.
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The joint spectral intensity

The experimental measurement of the JSI is based on a frequency-resolved coincidence
measurement. It requires knowledge of the individual signal and idler frequencies of
a correlated pair. One common measurement technique is to employ a time-of-flight
measurement. The photons travel through a dispersive medium, such as a fiber with
large dispersion, and their arrival times at the detectors are correlated to their fre-
quencies. However, this method is often limited in its spectral bandwidth as strong
dispersion is usually only given for a few tens of nanometers. This limitation represents
a challenge for the cryogenic investigation since the cooldown can result in large shifts
of the signal and idler wavelengths in the range of 100 nm. A spectral characterization
method that allows direct comparison of the room-temperature and cryogenic perfor-
mance must provide broadband operation which covers this range. To adapt for this
constraint, in this work, the JSI is measured with a home-built single-photon grating
spectrometer. The detailed design is illustrated in the next section. The basic principle
lies in mapping the photon frequencies to the reflection angle of a blazed grating.
SNSPDs are used for detecting the reflected photons to enable single-photon sensitivity.
This method is highly versatile, achieving broadband functionality by incorporating
suitable broadband optics.

Single-photon grating spectrometer

This section provides an overview of the concept and design of the spectrometer which is
employed for the spectral characterization of all SPDC processes that are discussed in the
subsequent chapters. The spectrometer’s working mechanism is equivalent to that of a
tunable band-pass filter. One of these filters is inserted into the fiber-coupled signal and
idler arm, respectively. The system transmits only a small section of the incident frequency
spectrum at a time. This section can be tuned to collect the transmitted photons for each
frequency interval over a chosen integration time.

Declaration

I was responsible for the conception and initial configuration of the spectrometer during
my Master’s project, achieving basic functionality. This initial methodology, however,
suffered from limitations in reproducibility, which required further refinement. During
my PhD research, I significantly enhanced the spectrometer’s performance by upgrading
the original open-loop actuators to closed-loop systems and developing advanced control
software. The methodology and concept described in this chapter are presented for the
completeness of this dissertation.

The spectrometer design is illustrated in Fig. 2.12 The signal or idler beam is collimated
from the fiber and incident on a blazed grating. The grating decomposes the spectral
distribution by mapping distinct frequency components to definite reflection angles. It is
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Figure 2.12: Experimental setup of the single-photon grating spectrometer. Reflective collimators
ensure broadband and efficient fiber coupling. The horizontal angle of the grating
is computer controlled to tune the back-reflected frequency components which are
detected by an SNSPD.

aligned in Littrow configuration. This means that the diffraction angle of the first order,
which provides highest efficiency, is equal to the angle of the incident beam. The grating is
installed in a motorized mirror mount, which enables controlled scanning of the incident
angle. Consequently, this results in tuning of the back-reflected frequencies. The grating
mount is further slightly tilted downwards, which allows to tap off the back reflected
frequency components using a D-shaped mirror and align them to a second collimator.
Only the narrowband frequency interval from the spectrum, which is properly coupled
into the single-mode output fiber, is transmitted through the complete setup. This fiber is
connected to an SNSPD for detecting a spectrum in the single-photon range with extremely
low noise.

Broadband functionality is ensured by utilizing reflective fiber collimators instead of
collimation optics which are based on an optical lens. Lens-based fiber collimation is
limited in its bandwidth since the dispersion of the lens results in different focal points
for distinct wavelengths. The reflective collimators (RC04FC-P01, Thorlabs) employ silver-
coated off-axis parabolic mirrors. In contrast to a lens, the focal length of a parabolic mirror
remains constant over a broad wavelength range. The selected collimator is specified for
an operation wavelength from 450 nm up to 2 um with high reflection of > 97 %. Moreover,
broadband functionality is given by the blazed grating (GR13-0616, Thorlabs). It is optimized
for 1600 nm, but it demonstrates high grating efficiency of > 90 % over a broadband range
of more than 500 nm. Hence, the operation wavelength of the complete spectrometer
is mainly defined by the connected fibers. We employ polarization-maintaining fibers
(P1-1550PM-FC, Thorlabs), specified for high efficiency in the range from 1440 nm to
1625 nm.

The mirror mount which holds the blazed grating is equipped with a closed-loop piezo
actuator (Picomotor actuator model 8311, mks Newport) to control the horizontal alignment.
The vertical angle can be adjusted with a manual screw. The spectrometer operation
requires a preceding calibration of the device to correlate the grating angles (i.e., the
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actuator positions) to the transmitted frequency components. For reproducible operation,
closed-loop actuators are indispensable. An open-loop system exhibits hysteresis, which
leads to an increasing offset that accumulates with each scan. This requires repeated
calibrations and (often rather inaccurate) corrections for the accumulated offset.

The calibration is performed by connecting the input port to a tunable continuous-wave
laser source and the output to a regular power meter. In order to start the calibration, at
first, coupling is optimized for a wavelength which is expected to be part of the signal or
idler spectrum, e.g., 1550 nm. The corresponding actuator position is referred to as the zero
position of the spectrometer. Next, the calibration range and step size is defined, e.g., from
1520 nm to 1580 nm, in steps of 10 nm. The self-developed software relies on expectation
values to estimate the positions for certain wavelength steps away from the zero position.
Consequently, the laser wavelength is set to 1520 nm first, and the actuator will perform
a scan over a small range around the expected position for this wavelength. The power
meter detects a Gaussian intensity profile for the transmitted power in dependence of
the scanned positions. The position yielding the maximum power corresponds to the
position for the set wavelength. This process is repeated for every wavelength step, which
results in a calibration curve that assigns a position value to each tested wavelength. This
curve shows a linear trend and is thus fitted by a linear function to enable the subsequent
spectral measurement over a continuous wavelength range. Moreover, the maximum
transmitted power provides information about the wavelength-dependent spectrometer
efficiency. Accurate alignment of the setup can cause each calibration step to provide a
similar peak power, which verifies broadband operation with consistent efficiency. In case,
the peak power exhibits a non-negligible wavelength dependency, this can be adapted for
by correcting the measured single-photon spectrum for the efficiency curve.

For maximum flexibility, the spectrometer is mounted on a breadboard. In general, the
performance can slightly vary if the device is moved and reoptimized. The typical fiber-to-
fiber throughput of the complete device is (66 * 2) % and the transmission bandwidth is
(1.0 £+ 0.1) nm when calibrated around 1550 nm. While this bandwidth defines the overall
spectrometer resolution, the calibration reveals that 1nm can be resolved with 260 individ-
ual steps using the piezo actuator. This results in a spectral reproducibility of less than
4 pm to set the central wavelength.

46



Cryogenic SPDC in the

telecom range

Nowadays, most of the optical data transport relies on standard fused silica glass fibers,
providing broadband transmission, high mechanical strength, and well-established manu-
facturing [[180]. These fibers are optimized for long-distance communication due to their
particularly low absorption losses at telecom wavelengths. Two frequency windows are
commonly used for data communication since they represent the minima in the absorption
band: the O-band (1260 nm — 1360 nm) and the C-band (1530 nm — 1565 nm). The telecom
C-band corresponds to the global minimum, which is why most of modern infrastructure
and commercially sold optical components are optimized for this range. Consequently,
there is a strong demand for quantum light sources operating in this wavelength range.
Moreover, superconducting single-photon detectors are available for highly-efficient oper-
ation around 1550 nm. The obvious first step on the route toward cryogenic SPDC was to
start with the characterization of a waveguide which provides single-photon pairs in the
telecom C-band.

At a glance

The process characterized in the following experiments is a type-Il SPDC process which
is pumped with a TE-polarized pulsed beam at a wavelength of approximately 778 nm.
In the degenerate case, we create photons at 1556 nm with orthogonal polarizations:

778 nm (TE) — 1556 nm (TE) + 1556 nm (TM)

If the phase-matching of the waveguide is not optimized for degeneracy, the signal
and idler wavelengths deviate from 1556 nm, while fulfilling energy conservation. If
the signal wavelength is larger, the idler wavelength will be shorter than 1556 nm, and
vice versa.

By implementing the measurement protocols detailed in Section 2.2, this chapter addresses
the second research question: How does cryogenic operation affect the Ti:PPLN platform?
This measurement series comprises the characterization of two separate Ti:PPLN samples.
I cooled down one waveguide which was optimized for degeneracy at room temperature
(RT) operation and compared the performance metrics at cryogenic temperature (CT) to
the RT results (Section 3.2). This experiment provides valuable proof-of-principle insights
into the performance of a cryogenic SPDC source in the Ti:PPLN waveguide platform. The
main results include the characterization of the shift in the signal and idler wavelengths,
the Klyshko efficiency, and changes in the effective length. This data is published in Optica

in Ref. [[139].
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Declaration

These initial measurements are a direct follow-up to my Master’s project, titled “Towards
Cryogenic Parametric Down-Conversion in Lithium Niobate Waveguides”. This study
yielded the first observation of temporally correlated photon pairs at cryogenic tempera-
tures, demonstrating proof-of-principle cryogenic SPDC. At this stage, the source efficiency
remained severely limited with a Klyshko efficiency of approximately 1%. As part of my
PhD studies presented here, I repeated and expanded upon these earlier measurements.

Following the experiments verifying functionality of cryogenic SPDC, the process was
tailored so that the source emits degenerate photons in the telecom C-band under cryo-
genic conditions (Section 3.3). Careful selection of the required poling period enabled the
generation of indistinguishable photons from the source, which was verified by perform-
ing a Hong-Ou-Mandel interference measurement. The successful implementation of this
experiment demonstrates well understanding of the temperature-dependent wavelength
shifts of the signal and idler photons. The key findings of these experiments are published
in Physical Review A in Ref. [140].

3.1 Experimental methods

The experimental setup is shown in Fig. 3.1 (a). In order to prepare the pump beam
for the SPDC process, the signal from a pulsed infrared laser is up-converted via SHG.
This is done using a commercial, bulk periodically poled MgO-doped lithium niobate
crystal (MgO:PPLN), positioned inside a crystal oven. The oven allows tuning of the
second-harmonic wavelength and ensures temperature stability. In this experiment, the
temperature is set to 70 °C. The SHG crystal is pumped with an ultrashort pulsed infrared
laser (Onefive Origami 15 LP, NKT Photonics). This laser has a central wavelength of
(1556.4 + 0.2) nm, a bandwidth of (11.81 + 0.02) nm, a repetition rate of 80 MHz, and 191fs
pulse duration.

The generated second-harmonic spectrum exhibits a Gaussian shape with a central wave-
length of (778.04 + 0.01) nm and a bandwidth of (3.22 + 0.01) nm (see Fig. A.1 in the
appendix). For verifying general functionality of cryogenic SPDC, the exact pump wave-
length and bandwidth are not relevant. Therefore, in the proof-of-principle measurement
series, this beam is directly coupled into the cryogenic waveguide. In the degenerate
measurement series, the SHG is additionally spectrally filtered using a 4 f-setup.! This is
necessary to reduce the spectral bandwidth of the JSI and fine tune the signal and idler

The 4f-setup is implemented in a folded geometry to reduce the number of optical components. The beam
is exposed on a blazed grating, positioned in the focal point of a cylindrical lens. A slit with variable width
is positioned in the other focal plane, directly followed by a mirror. The mirror is tilted down slightly and
a D-shaped mirror is used to separate the input and output beam. The spatial filtering in the Fourier plane
results in uniform narrowing, without affecting the spectral and temporal shape. In contrast, a spectral
band-pass filter would modify a Gaussian temporal profile to a sinc? shape.
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Figure 3.1: Experimental setup to perform the characterization of the cryogenic SPDC source.
(a) The waveguide is positioned inside the free-space coupled cryostat and pumped
with the SHG from a pulsed laser at 1556 nm. Signal and idler photons are separated by
a PBS. (b) - (e) Characterization of the photon pairs using SNSPDs. The measurements
include (b) the detector clicks, (c) the second-order correlation function g‘® (0), (d) the
spectral properties, and (e) the Hong-Ou-Mandel interference. HWP: half-wave plate,
MgO:PPLN: MgO-doped lithium niobate crystal, SPF: short-pass filter, LPF: long-pass
filter, D-Mirror: D-shaped mirror, L: lens, (P)BS: (polarizing) beam splitter, S1/S2: grating
spectrometer 1/2.

wavelengths for degeneracy, in order to increase the indistinguishability of the photons.
The degenerate SPDC source is pumped with the filtered SHG light, featuring a reduced
spectral bandwidth of (0.73 + 0.05) nm at a central wavelength of (779.38 + 0.01) nm. The
(filtered) pump light is coupled to the cryogenic waveguide using two anti-reflection-coated
aspheric lenses to optimize the coupling efficiency. Pump suppression is ensured using two
long-pass filters (LPF), before the signal and idler photons are separated for subsequent
analysis. The characterization of the photon pairs includes separate performance metrics
which necessitate individual detector setups.

In order to measure the count rates of the signal and idler photons, two SNSPDs are
connected (see Fig. 3.1 (b)). Thereby, each detector is set up as specified previously in
Fig. 2.11. The second-order correlation function ¢ (0) is detected by inserting a fiber-
coupled 50:50 beam splitter (BS) into one path (see Fig. 3.1/(c)). The spectral distributions of
the signal and idler photons are detected by inserting one scanning grating spectrometer,
as introduced in Fig. 2.12, into each port (see Fig. 3.1 (d)). As shown in Fig.[3.1 (a), an
additional HWP is employed to rotate the signal polarization by 90°. This adjustment
is required both to maximize the throughput of the grating spectrometer and to ensure
optimal visibility for the subsequent Hong-Ou-Mandel (HOM) interference measurement.
For the HOM measurement, again, the two spectrometers are connected to the signal and
idler path, respectively (see Fig.|3.1 (e)). Here, the grating angles are set to a fixed value.
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The spectrometers act as spectral band-pass filters in order to enhance the spectral purity
of the photon-pair source. Furthermore, a variable delay line in one path is used to overlap
the signal and idler photons temporally. Both photons then meet at the subsequent 50:50
beam splitter where they interfere. Afterwards, both paths are split again with another
50:50 beam splitter, before each signal is detected with an SNSPD. The additional splitting
allows to not only record the decrease in coincidences, but also to verify the bunching
of signal and idler into a single port of the interference beam splitter, when utilizing the
SNSPDs as click detectors.

3.1.1 Waveguide design

As discussed in Section 2.1.3, the shift in the phase-matched signal (TE-polarized) and idler
(TM-polarized) wavelengths can be approximated using the extrapolated refractive index
data with the empirical correction term. The signal wavelength decreases and the idler
wavelength increases by approximately 90 nm when changing the temperature from room
temperature to 4 K. This trend is depicted in Fig. 3.2 for distinct poling periods (8.98 um -
9.12 um), which are fabricated on the proof-of-principle waveguide sample. For this sample,
degeneracy is realized for an operation temperature in the range from approximately 230 K
to 300 K.

The optical components for the single-photon routing and characterization are optimized
for the telecom C-band. In order to maximize the efficiency of the experimental setup, the
deviation from 1550 nm must be minimized. The smaller the poling period, the further
the degeneracy point shifts toward lower temperatures. This results in less separation of
the signal and idler wavelength under cryogenic conditions. For this reason, the smallest
available poling period of 8.98 um is chosen for the proof-of-principle measurement series.
The same simulation is performed to define the required poling period of 8.81 um for the
degenerate waveguide, when pumping the process at approximately 779 nm. All design
parameters of both waveguides under test are summarized in Table 3.1, The experimental
operation temperatures were chosen for the wavelength simulations. The degenerate
measurement series was performed about one year after the proof-of-principle measure-
ments. The cryostat’s minimum attainable temperature has gradually risen over this time,
reflecting a degradation in the cooling performance of the system.

Table 3.1: Overview of the design parameters of both waveguide samples, including the poling
period A, operation temperature T, the theoretical signal and idler wavelengths Ag/;,
and the waveguide length L (which corresponds to the fabricated poling length).

Sample A [pm] T [K] As [nm] A [nm] L [mm]
Proof-of-principle 8.98 47 +0.1 1491.82 1626.13 24.4+0.2
Degenerate 8.81 6.4 £0.1 1558.1 1558.1 243 +£0.2
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Figure 3.2: Simulated temperature-dependent shift in the signal and idler wavelength of type-II
SPDC. The simulation is performed for different poling periods and the pump wave-
length of 778.04 nm. The crosses show the spectral measurement results for the poling
period of 8.98 pm (which are discussed in Section 3.2).

3.2 How it began - Proof-of-principle cryogenic SPDC

This measurement series comprises the characterization of the waveguide under room
temperature and cryogenic temperature conditions. This allows for a direct comparison of
the performance metrics at both 295K and 4.7 K. The experimental results presented in
this section were first recorded for the cryogenic waveguide and afterwards repeated at
room temperature. This way, I verified that a waveguide was selected which demonstrates
cryogenic functionality.

I cooled down the waveguide chip and carried out the classical characterization by perform-
ing SHG, as introduced in Section 2.2.3| Only individual waveguides provided a measurable
phase-matching spectrum at 4.7 K. One of these waveguides, with the chosen poling period
of 8.98 um, was selected for the SPDC measurements.

3.2.1 SPDC performance metrics

At first, the count rates of the signal and idler detector were recorded. The transmitted pump
power was kept at about (17.0 + 0.6) pW within the measurements, to ensure an average
photon-pair generation probability below 0.1. The detection of single and coincidence
counts, together with the transmitted pump power, allowed calculation of the brightness
(Eq. (2.22)), combined Klyshko efficiency (Eq. (2.24)), and CAR (Eq. (2.25)). Next, a 50:50
beam splitter was inserted into one path to detect the heralded second-order correlation
function (Eq. (2.29)). This measurement was conducted for the signal photons and for the
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Table 3.2: Correlation metrics of the SPDC source at room temperature and under cryogenic con-
ditions. The table shows the source brightness, the Klyshko efficiency, the coincidences-
to-accidentals ratio, and the heralded second-order correlation function.

T [K] B [% fiKiyshko [%] CAR a?(0)
295 (6.6 % 0.3) - 10° 8.47 + 0.03 53.9 + 0.2 0.033 + 0.004
47 (3.3 % 0.1) - 10° 477 +0.03 32.9 + 0.2 0.07 +0.01

idler photons, respectively. The experimental results for these parameters are summarized
in Table 3.2 for RT and CT operation.

The results reveal a consistent reduction under CT which indicates that the device perfor-
mance is adversely affected by cryogenic operation. Furthermore, the signal and idler count
rates exhibited an asymmetry during cryogenic characterization. Specifically, the count
rate for the idler photons was (61550 +250) counts/s compared to (217 700 +500) counts/s
for the signal photons, while detecting (5520 +80) counts/s coincidences. This suggests the
presence of polarization-dependent propagation losses within the waveguide. Increased
internal losses might be caused by pyroelectricity and photorefraction. This phenomenon
is analyzed in more detail in Chapter {4.

The transmitted pump power of (17.0+0.6) uW was measured for an optical input power of
(160+5) uW in front of the in-coupling lens. This results in a low overall transmission of the
pump beam of (10.6 +0.5) %. This value suggests that the cryogenic waveguide experiences
strong propagation losses, which can contribute to the limited Klyshko efficiency of
(4.77 £ 0.03) %. However, careful consideration is required when interpreting these results,
as wavelength-dependent efficiencies can also influence the experimental outcome. The
measurement of the JSI in the next section allows to estimate the effective length of the
waveguide, which then enables a more comprehensive evaluation of the performance
metrics in Section 3.2.3.

3.2.2 Spectral properties of signal and idler

In order to quantify the change in signal and idler wavelength at the different temperatures,
the spectral properties were investigated using the grating spectrometers. The marginal
spectra were recorded sequentially for the signal and idler paths. For the signal spectrum
measurement, the idler path was directly connected to an SNSPD and one spectrometer
was inserted into the signal path. I aligned this spectrometer to transmit the expected
central signal wavelength. This initial alignment was necessary to set the temporal delays
to measure signal and idler counts in coincidence, for maximizing the signal-to-noise ratio
(SNR). The marginal spectra were measured with a step size of 0.5nm. The measured
spectra exhibit a Gaussian profile, which was fitted to obtain the central wavelengths
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Table 3.3: Spectral metrics of the SPDC source at room temperature and under cryogenic conditions.
The table comprises the central signal and idler wavelengths and bandwidths obtained
from the marginal spectra and the effective length which is deduced from the JSI

measurement.
T [K] As [nm] A; [nm] AAg [nm] AA; [nm] Leg [mm)]
295 1586.14 + 0.12 1528.05 + 0.04 32.08 £ 0.28 17.27 £ 0.10 73 £0.3
4.7 1494.45 + 0.19 1624.24 + 0.09 274 £0.5 17.94 + 0.21 3.65 + 0.05

and spectral bandwidths. The measurement data and Gaussian fit functions are shown in
Fig. 3.3, and the fit parameters can be found in Table 3.3,

The measured central wavelengths are in very good agreement with the simulation, ver-
ifying a wavelength shift of about 90 nm. Nevertheless, it can be seen from Fig. 3.2/ that
the measured separation of the signal and idler wavelength is slightly larger at RT and
slightly smaller at CT compared to the simulated values. Consequently, this offset cannot
be attributed solely to inaccuracies in the phase-matching model; the observed wave-
lengths violate energy conservation if the previously measured pump wavelength of
(778.04 £ 0.01) nm is taken as a fixed parameter. This points to an offset of the pump wave-
length, which was characterized a few days prior to the marginal and JSI measurement.
Unfortunately, the pump spectrum was not reviewed again after completion of the spectral
SPDC measurements.

The central phase-matched wavelengths are indeed highly sensitive to small variations
in the wavelength of the pump beam. The experimental signal and idler wavelengths
exhibit a deviation in the range of 2nm up to 4 nm, compared to the expected values
when considering a pump of 778.04 nm. The direct comparison of the experimental and
simulated values is given in Table 3.4. In order to evaluate the accuracy of the phase-
matching model, the simulation is repeated utilizing the pump wavelength values which
are required to fulfill energy conservation for the measured wavelengths. Specifically,
energy conservation demands a pump wavelength of 778.28 nm at RT, and a wavelength
of 778.32 nm at CT. These slight shifts, deduced from the marginal measurements, can
be explained by thermal and mechanical instabilities in the experimental setup and the
pump laser wavelength. Notably, the signal and idler wavelengths derived from the second
simulation exhibit improved agreement with the experimental data (compare Table 3.4).
Especially, the cryogenic values are in very good agreement, which verifies high accuracy
of the extrapolated refractive index data in combination with the empirical correction
term.

Subsequent to the marginal measurements, both spectrometer setups were connected
to detect the JSI. To map the joint spectral distribution, a two-dimensional scan was
employed. The idler spectrometer was stepped sequentially. At each wavelength setting,
a complete scan of the signal range was recorded. The measured JSIs are visualized in
Fig.[3.3. The integration time for every wavelength combination was chosen to be 30s
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Figure 3.3: Comparison of the spectral measurement results for the signal and idler photons (a)
at room temperature (295K) and (b) at cryogenic temperature (4.7 K). The measured
marginal spectra and JSI are shown together with the theoretical JSI. The solid lines in
the marginal spectra represent Gaussian fits and the error bars correspond to Poisson
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Table 3.4: Comparison of the central wavelengths, which were extracted from the experimental
marginal spectra, to the simulation values. The uncertainties of the measured wave-
lengths can be found in Table 3.3\ The simulation was performed first for the pump
wavelength of 778.04 nm that was measured several days prior to the marginals. The
second simulation considers the pump wavelength which is deduced from the measured
signal and idler wavelengths, which must fulfill energy conservation.

a) 295K b) 4.7K

As [nm]  A; [nm] As [nm]  2; [nm]

Measurement 1586.14 1528.05 Measurement 1494.45 1624.24
Sim. Ap =778.04nm 1581.99 1531.00 Sim. )Lp =778.04nm 1491.82 1626.13
Sim. Ap =778.28nm 1584.36 1529.72 Sim. )Lp =778.32nm 1494.05 1624.71

for the CT measurement. At RT, a reduced integration time of 20 s was chosen as the
measurement featured significantly higher coincidence count rates. Both JSI measurements
were performed with a wavelength step size of 1 nm, which resulted in a measurement time
of up to 10 hours. Mechanical or thermal drifts within the free-space setup and fluctuations
in phase-matching conditions cannot be entirely excluded over a duration of several hours.
For this reason, the central signal and idler wavelengths and bandwidths (listed in Table 3.3)
were extracted from the marginal spectra which required a recording time of approximately
20 min, and not from the JSI.

JSI simulation and effective length estimation

At both temperature regimes, the experimental JSIs exhibit an elongated elliptical profile,
signifying strong spectral correlations between the signal and idler wavelengths. However,
a distinct difference is observed in both the orientation angle and the width of the minor
axis of the distribution. These changes are compared to the theoretical changes in the
JSI which are expected during the cooldown. In order to simulate the JSI, the measured
pump wavelength and spectral width, the poling period, and the extrapolated effective
refractive indices are taken into account. As discussed in Section 2.1.3, the effective length
of the waveguide incorporates localized perturbations in the refractive indices, that arise
from the interplay among the photorefractive and pyroelectric effect. For this reason,
the effective length is kept as a variable parameter, to perform an optimization until the
simulation fits the measured JSI best. This way, the effective length is estimated from the
JSI measurement.

The JSI corresponds to the absolute square of the JSA, which is given by the product of the
pump distribution function and the phase-matching function (compare Eq. (2.15)). Since
the pump spectrum exhibits a Gaussian shape, the simulation considers the following form
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of the pump distribution,

~ 3.1)

((ws + wi) — wp)Z
20 ] ’

a(ws + wi) = exp [—

where o is the standard deviation, directly related to the spectral bandwidth Aw, of the

pump beam, according to Aw, = 24/21In(2)o. The temperature-dependent phase-matching
function is given by

®(ws, wi, T) = sinc [Ak(a)s, w;i, T) , (3.2)

L(T)
T]
with the effective length L(T) that is treated as the optimization parameter. The simulation
of the JSI is performed for a two-dimensional array of frequencies (ws, w;), centered around
wp/2. This frequency array is chosen to have the same resolution as the measurement
to ensure maximum comparability. For every frequency pair, the pump distribution and
phase-matching function are calculated. Next, the two amplitudes are multiplied and the
absolute square is taken: JSI = |a(ws + w;)®(ws, w;, T)|*. This simulation is compared to
the normalized two-dimensional measurement array, to determine the effective length,
which results in the distribution that has the smallest deviation from the measured JSI.

Based on the simulations which best match the measurement data, the effective length is
assumed to decrease from (7.3+0.3) mm at RT to (3.65+0.05) mm at CT. The corresponding
theoretical JSIs can be found in Fig. 3.3. It can be seen that the reduction in effective length
at cryogenic temperatures is consistent with a broadening of the phase-matching function
and, consequently, the JSI. This broadening was clearly observed for the measured JSIL
Moreover, the simulations verify the slight change in the measured orientation angle. This
change mainly results from a variation in the slope of the pump distribution function when
considering a different interval of signal and idler wavelengths. As the JSI is displayed
in dependence of wavelength, instead of frequency, its angle depends on the central
wavelengths. In contrast to the pump distribution, the phase-matching function exhibits
only a marginal shift in orientation, resulting from variations in the group velocities of
the interacting modes. These observations were verified by analyzing the two functions
a(ws + wi) and O(ws, w;, T) independently.

3.2.3 Evaluation of the proof-of-principle measurement series

The quantification of the effective length reduction facilitates a more comprehensive
evaluation of the performance metrics derived from the correlation measurements (listed
in Table 3.2). The brightness of a waveguide source scales linearly with the effective length
of the sample [[181]. In accordance with the observed 50 % reduction in effective length, the
source brightness exhibits a decline by the same factor. The reduced brightness also affects
the SNR of the source, which is evident in the Klyshko efficiency. From the equations
given in Section 2.2.3, we can derive that these performance metrics are related via the
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coincidences-to-accidentals ratio, according to

2
Rrep UKlyshko

CAR =
P trans B

(3.3)
The measurements were performed for the same repetition rate and transmitted pump
power at RT and CT. This allows to rearrange this equation to yield the change in Klyshko

efficiency as follows
IKlyshko,RT _ CARRgT @ ‘ (3'4)
NKlyshkocT Y CARcr Ber
The relevant changes in the CAR and brightness, taken from Table 3.2, are (1.64 + 0.02)
and (2.00 + 0.02), respectively. According to Eq. (3.4), this results in a change in the
Klyshko efficiency of 1.81, which is just outside the error margins of the measured variation

of (1.78 + 0.02). The close agreement shows that the decrease in Klyshko efficiency is
consistent with the reduced brightness at a constant noise level.

In fact, the measurements of Klyshko efficiency, CAR, and brightness are not independent,
they all depend on various functions of coincidences and single counts from the signal
and idler modes. These measurements alone are insufficient to conclusively attribute
the observed variations to a decrease in effective length. This is because it is difficult
to disentangle the interplay of noise, loss, and generation probability. Nevertheless, the
changes in the performance metrics are certainly consistent with a reduction in the effective
length by a factor of 2, as deduced from the spectral measurements. This was verified by
measuring a change by the same factor ((2.00 + 0.02)) in the brightness, which depends
linearly on the effective length. Finally, the measurement of the heralded second-order
correlation function quantifies the photon-number purity of the SPDC source. While the
g}(lz) (0) slightly increases from (0.033+0.004) to (0.07 +0.01) at CT, the value remains well
below the threshold of 0.5 for a two-photon Fock state, both at RT and CT. This verifies
heralded single-photon generation under cryogenic conditions.

In conclusion, this measurement series demonstrated that Ti:PPLN waveguides for SPDC
are compatible with cryogenic operation. Despite changing the operation temperature by
almost two orders of magnitude, the source remained fully operational. Notwithstanding
its functionality, a comparative analysis reveals that all cryogenic figures of merit are
consistent with a twofold reduction in the SNR relative to RT performance.

The spectral analysis verified the expected wavelength shift of about 90 nm for the signal
and idler mode. Since all optical components are optimized for the telecom C-band, strong
deviations from 1550 nm result in increased optical transmission losses. However, the
detected cryogenic wavelengths of approximately 1494 nm and 1624 nm are still covered
by the specifications of most components, including the AR-coated lenses, the polarizing
beam splitter, and optical fibers. Nevertheless, the substantial spectral separation of 130 nm
between the cryogenic signal and idler wavelengths poses a challenge for collimation, as a
single aspheric lens cannot optimize the beam profile for both modes simultaneously. This
limits the achievable Klyshko efficiency.

57



3 Cryogenic SPDC in the telecom range

The observed broadening of the JSI serves as a distinct signature of a reduced effective
length. This decrease is attributable to photorefractive and pyroelectric effects, which
become more pronounced at CT. As these effects can also increase the cryogenic propaga-
tion losses, they might have also caused the reduced cryogenic Klyshko efficiency. These
phenomena are investigated further in the remainder of this work. While the degenerate
measurement series, presented in the next section, aims to minimize wavelength depen-
dencies by characterizing a degenerate SPDC source, Chapters |4 and 5 incorporate a more
detailed investigation of the temperature-dependent material changes.

3.3 Tailoring the process - Cryogenic SPDC for degenerate
photon pairs

This experiment concentrates on the characterization of a Ti:PPLN waveguide offering
degenerate photon pairs at a cryogenic temperature of 6.4 K. The cryogenic investigation
encompasses a comprehensive characterization of the phase-matching properties through
an SHG and JSI measurement. This is followed by an evaluation of SPDC performance
metrics. Finally, the indistinguishability of the generated photons is quantified through
a HOM interference measurement. The experimental detector setups to carry out these
measurements are displayed in Fig. 3.1/(b) - (e).

3.3.1 Classical characterization of the phase-matching

Prior to the cooldown, the propagation losses at 1550 nm of all waveguides were charac-
terized at RT using the Fabry-Pérot-resonator method presented in [[182]]. The waveguide
which exhibited the target poling period and minimal propagation losses was selected for
cryogenic characterization. The average loss at RT was found out to be (0.09+0.01) dB/cm
for TE-polarized light and (0.07 + 0.01) dB/cm for the TM-polarized beam.

The cryogenic waveguide was first characterized classically using a tunable CW pump laser,
to determine the phase-matched second-harmonic wavelength. This value corresponds to
the degenerate signal and idler wavelength, when the interaction is driven by a pump at
exactly half the target wavelength. The SHG measurement was thus required to accurately
define the pump wavelength for the subsequent SPDC measurements.

The measurement data for the cryogenic phase-matching spectrum is presented in Fig. 3.4,
The phase-matching function for an ideal waveguide is expected to show a sinc® shape.
However, the actual interaction inside the Ti:PPLN waveguide can be altered by fabrication
imperfections, pyroelectricity, and photorefraction [[88]. The exact shape can be modeled
accurately by considering a nonuniform refractive index distribution along the waveguide.
This results in a very slight asymmetry of the sinc? function, which takes into account small
imperfections of the phase-matching. The fitting procedure employed for this analysis
is presented in [131]. Fig. 3.4 illustrates that the measured spectrum is well-reproduced
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Figure 3.4: Measurement of the cryogenic phase-matching spectrum for the SHG process, pumped
with (22.0 + 0.1) mW. An asymmetric sinc? function is fitted to the measurement data.
The fit considers a nonuniform refractive index distribution along the waveguide. The
error bars correspond to an uncertainty of + 3 %, which is specified for the employed
power meter.

by the fit across the entire range. The fit reveals an effective length of (18.8 + 0.3) mm,
which corresponds to (77.4 + 1.4) % of the total waveguide length. Consequently, the
phase-matching condition is satisfied for this segment of the waveguide, validating high
precision of the fabrication and exceptional regularity of the poling period. Moreover, the
fitted spectrum is very close to an ideal sinc? function; the overlap is 99.9 %.

In comparison to the proof-of-principle measurement series, the cryogenic effective length
of this waveguide is significantly longer. This indicates that the waveguide performance
within this measurement was only marginally affected by parasitic influences of pyro-
electricity and photorefraction. It is important to highlight that a key distinction between
the two measurement series, presented in this chapter, lies in the thermal history of the
two waveguide samples. While the waveguide from the proof-of-principle series had gone
through multiple cryogenic cycles prior to data acquisition, the sample investigated here
was freshly fabricated. This pristine waveguide had no prior exposure to thermal cycling
or high optical pump powers. Consequently, both the spectral data and SPDC performance
metrics represent its initial characterization during the very first cooldown. It cannot be
ruled out that repeated thermal cycling may result in permanent modifications of the
refractive indices or may induce charge carrier dynamics with exceptionally long relax-
ation times. Section 5.2 concentrates on evaluating the reproducibility of the cryogenic
phase-matching.

In addition to the effective length of the waveguide, the fit function reveals the phase-
matched wavelength of Aym meas = (1559.36 £ 0.02) nm. The error is given by the absolute
wavelength accuracy of the tunable laser source. In comparison to the expected value
Apmitheo = 1558.1nm, the measured wavelength is slightly higher. This discrepancy can
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arise from various factors. Since the simulation is based on the empirical refractive index
correction, this induces an experimental uncertainty. However, the proof-of-principle
measurement series has verified high accuracy of the model. The small deviation can be
explained by marginal perturbations in the refractive indices. In fact, the phase-matched
wavelength changed to A,mmeas = (1558.60 + 0.02) nm in the second cooldown of this
sample, which was performed more than a month later. This strongly indicates that
pyroelectric charges gather randomly at different locations inside the crystal which results
in slight phase-matching variations for every cycle. Consequently, spontaneous changes
in the accumulating charges can be assumed to be the primary cause of the discrepancy
between experiment and theory. Nevertheless, the experimental wavelengths are indeed
very close to the theoretical result, which clearly demonstrates accurate fabrication and
good predictability of the phase-matching under cryogenic conditions.

3.3.2 Measuring cryogenic SPDC photons

Next, the cryogenic SPDC process was pumped with the pulsed SHG from the bulk crystal,
using the setup visualized in Fig. 3.1. I conducted the measurements of both the performance
metrics and spectral properties following the same procedure used in the proof-of-principle
measurement series (Section 3.2).

SPDC source performance

The waveguide was pumped with an optical power of (66.1 = 0.1) uW, which featured
a photon-pair generation probability of 0.01. The cryogenic performance metrics are
summarized in Table 3.5, For a direct comparison, the data obtained for the proof-of-
principle source have been included in this table. The results demonstrate a substantial
improvement relative to the cryogenic proof-of-principle waveguide. Specifically, the
brightness and Klyshko efficiency of the degenerate source are considerably higher by a
factor of 1.8 and 2.9, respectively. The g}(lz) (0) value is a factor of 4.1 smaller. Moreover, the
brightness measured for this source is comparable to the result obtained for the proof-of-
principle waveguide when it was operated under RT conditions. The Klyshko efficiency
and second-order correlation function even surpass the RT performance by a factor of 1.6
and 1.9, respectively.

The spectral shape of the SHG phase-matching spectrum, that was close to the ideal
function and yielded a high effective length of (77.4 + 1.4) %, already indicated that this
waveguide seems to be barely affected by photorefraction and pyroelectricity. The clear
enhancement of the performance metrics, compared to the cryogenic proof-of-principle
SPDC source, further support this conclusion.
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Table 3.5: Correlation metrics of the cryogenic degenerate SPDC source, in comparison to the
results for the proof-of-principle waveguide. The table shows the source brightness, the
Klyshko efficiency, and the heralded second-order correlation function.

Sample T [K] B [Pm—w Aikiyshko [%] a?(0)
Proof-of-principle 295 (6.6 £0.3) - 10° 8.47 +0.03 0.033 + 0.004
Proof-of-principle 4.7 (3.3 +0.1) - 10° 4.77 £ 0.03 0.07 +0.01
Degenerate 6.4 (6.0£0.3) - 10° 13.62 + 0.08 0.017 £ 0.002

Joint spectrum of signal and idler

The JSI was detected by scanning the two grating spectrometers and detecting the coin-
cidence counts. To increase the number of coincidence counts when spectrally filtering
with the spectrometers, the optical pump power was increased to (133 + 1) uW. The spec-
tral shape of the JSI is not expected to change significantly by increased multi-photon
components. The long effective length yielded 1200 coincidence counts detected over the
4 s integration time at the intensity maximum. Furthermore, based on the narrow pump
bandwidth, this JSI exhibited a narrower spectral bandwidth compared to the previous,
non-degenerate JSI. Because the distribution was more localized, I could record the com-
plete spectral profile by scanning an interval of roughly 15 nm with a step size of 0.2 nm,
on both the signal and idler axes. The recorded JSI is displayed in Fig. 3.5, together with the
marginal spectra for signal and idler. The marginals are extracted from the measurement
data by taking the projection on the two axes.

The marginals were analyzed by applying a Gaussian fit in order to obtain the central wave-
lengths and bandwidths. The shape of the signal spectrum deviates from the Gaussian shape.
This is caused by a slight asymmetry of the pump spectrum, which was induced by filtering
with the 4 f-setup. The signal spectrum has a central wavelength of A; = (1559.3 + 0.5) nm
with a bandwidth of AAs = (6.33 £ 0.12) nm. The idler spectrum is centered at the same
wavelength A; = (1559.3 + 0.6) nm with a smaller bandwidth of AA; = (3.26 + 0.03) nm.
The errors of the central wavelengths equal the spectrometer transmission bandwidths
and the uncertainties in the marginal bandwidths arise from the error in the spectrometer
calibration together with the uncertainty of the Gaussian fit.

The JSI measurement reveals that the signal and idler wavelengths are identical and align
closely with the previously measured phase-matched wavelength for SHG ((1559.36 +
0.02) nm). I recorded the JSI approximately one week after the SHG spectrum during the
same cooldown cycle, which means that the waveguide was maintained under cryogenic
conditions. The results remained consistent, which verifies that no significant variation in
the phase-matching did happen at a constant cryogenic temperature. This indicates that
despite the potential buildup of pyroelectric charges during thermal transitions, this SPDC
source permits stable operation, provided the operation temperature is held constant.
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Figure 3.5: Measured JSI of the degenerate cryogenic SPDC source. The JSI is shown together with
the marginal signal and idler spectra, corresponding to the projection on the two axes.
A Gaussian fit is applied to the marginal data and the error bars correspond to Poisson
errors.

Demonstration of indistinguishability

As it was already evident in the proof-of-principle measurement series, the difference
in the signal and idler bandwidths results from the angular orientation of the JSI; this
alignment is fundamental to the phase-matching properties of lithium niobate. These
correlations in the signal and idler wavelengths limit the spectral purity of the SPDC
source. In order to quantify the correlations, a Schmidt decomposition was performed
for the measured JSI [[177]], by applying Eq. (2.26). This results in a Schmidt number of
2.72, which corresponds to a spectral purity of 0.37. One approach to increase this purity
involves spectral filtering of the signal and idler modes. This was done for the HOM
interference measurement.

Having shown that the SPDC source generates single photons under cryogenic operation
and the signal and idler spectra overlap at the same central wavelength, the indistin-
guishability was verified in the other degrees of freedom by performing a HOM inter-
ference measurement. This experiment was conducted in the second cooldown of this
sample. The repeated cooldown caused a slight change in the phase-matched wavelength
((1558.60 % 0.02) nm), in comparison to the initial cooldown ((1559.36 + 0.02) nm). This
reduced the overlap of the signal and idler spectra in this experiment.
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The spectrometers S1 and S2 were connected to the signal and idler path. They provide
transmission bandwidths of AAs = (0.96 + 0.03) nm and AA; = (1.12 + 0.03) nm. These fil-
ters were aligned by first setting one filter to the central marginal wavelength and then
fine-tuning the other grating to maximize the spectral overlap. Slight differences in the
grating position and spectral bandwidth limit the visibility of the HOM measurement.
The individual transmission spectra of the spectrometers were recorded using a tunable
CW laser. The spectral overlap was 76.3 %, which sets an upper limit for the achievable
visibility.

The spectrally filtered, polarization-aligned, and temporally overlapped photons interfere at
the subsequent 50:50 beam splitter. While monitoring the coincidence counts between the
two output paths is, in principle, sufficient to record the HOM dip, each path is split again
by an additional beam splitter. This constitutes a convenient method to obtain enhanced
information about the photon number. By measuring the twofold coincidence rates between
all four detectors, both the HOM dip between the output ports and a simultaneous peak
within each individual output port can be recorded. The latter represents the bunching of
the photon pair into one output port of the beam splitter.

The single and coincidence counts were recorded while tuning the temporal delay A7 in
steps of 1ps. In order to maximize total counts while compensating for potential power
fluctuations, I performed 30 repeated scans and summed up the results. With an integration
time of 30 s, the total data acquisition took approximately 8 h. The measurement data is
presented in Fig. 3.6, In order to normalize the two axes, Gaussian fits were applied to
all coincidence measurements. For clarity, only the averaged fits for the peak and dip
are displayed. For perfect temporal overlap (Ar = 0), Fig. 3.6 shows a clear peak in
the coincidences Cy; and Cs4, which demonstrates the bunching of the signal and idler
photons into one output port. Concurrently, a significant dip appears in the twofold
coincidences between the different interference paths. This dip drops below the threshold
of 0.5, which further verifies non-classicality of the signal and idler mode. The HOM
visibility is calculated from Eq. (2.30), considering the sum of all coincidence counts
which were detected between the distinct interference ports C = Cy3 + Ciq + Ca3 + Coy.
According to Eq. (2.30), these total coincidences at zero time delay are put into relation to
the coincidences beyond the dip (corresponding to the baseline of the fit). This results in a
HOM visibility of Vigom = (66.3 + 0.5) %.

The visibility is mainly limited by imperfections in the spectral filtering, as well as discrep-
ancies in the signal and idler spectra. Although the spectrometer alignment was empirically
optimized for maximum visibility, their transmission spectra were not perfectly overlapped,;
their overlap was 76.3 %. The observed reduction in visibility can be further explained
by the finite extinction ratio of the PBS and slight deviations in its angular alignment
relative to the axes of the waveguide chip. Due to these effects, a small fraction of photons
is directed into the incorrect path. This results in both photons from the photon pair
entering the interference beam splitter at the same input port, which affects the recorded
coincidence statistics. Higher visibility might be achieved in future experiments by using
identical band-pass filters and an additional half-wave plate in front of the PBS.
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Figure 3.6: Hong-Ou-Mandel interference measurement of the cryogenic SPDC photons. The plot
displays the normalized twofold coincidence counts and single counts of the SNSPDs
in dependence of the time delay between signal and idler. Coincidences between two
detectors within one beam splitter path are shown as circles, coincidences between
detectors in opposite paths as crosses, and single counts are plotted as triangles. The
error bars correspond to Poisson errors and the solid lines represent a Gaussian fit to
the peak and dip, respectively.

3.3.3 Evaluation of the degenerate measurement series

In conclusion, the degenerate waveguide sample proved enhanced cryogenic performance
relative to the proof-of-principle waveguide, which can be directly seen from the perfor-
mance metrics listed in Table 3.5. The degenerate source exhibited significantly improved
source brightness, Klyshko efficiency, and photon-number purity verified by a lower 91(12) (0)
value of (0.017 £ 0.002). Furthermore, the results for the HOM interference measurement
clearly demonstrated bunching of the signal and idler photons, by recording a visibility
of (66.3 = 0.5) %. This verified that the cryogenic SPDC source is capable of producing
degenerate photons. Moreover, the experimental phase-matched wavelengths were in
close agreement with the simulation, and the phase-matching function was approaching
the ideal sinc? shape. This demonstrates accurate and uniform fabrication of the poling
period, which is maintained under cryogenic conditions. Therefore, these results validate
reliable control of this cryogenic nonlinear interaction.
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3.4 Chapter conclusion

In this chapter, I have discussed the experiments that established the foundation for cryo-
genic nonlinear optics, specifically SPDC, in the Ti:PPLN platform. While the measurements
detailed in Section 3.2 represented the proof-of-principle experiment, verifying basic func-
tionality and spectral shifts induced by the thermal transition, the experiments discussed
in Section 3.3/ demonstrated that the phase-matched wavelength can be tailored to suit a
customized wavelength interaction. This was shown by precise prediction of the poling
period required to achieve efficient phase-matching for the cryogenic degenerate process.
The close agreement of the measured phase-matched wavelengths with the simulation
demonstrated the accuracy of the empirical model. This accuracy is indispensable because
the poling period is the only parameter that can be used to tune the phase-matching in
a cryostat, and, most importantly, it must be defined before the waveguide fabrication.
Although no absolute cryogenic effective refractive indices are available and the phase-
matching can be locally altered by pyroelectricity and photorefraction, the degenerate
SPDC source provided a phase-matched wavelength within 1.5 nm of the design value.

The proof-of-principle measurements comprised a like-to-like comparison of the SPDC
source performance at RT and CT. The analysis revealed a reduced performance at cryo-
genic conditions. Specifically, the source brightness, Klyshko efficiency, and CAR decreased
by a factor of two. This results in a twofold reduction in the SNR compared to RT operation.
Together with the spectral broadening of the JSI - which indicates a twofold reduction
in the effective interaction length - this suggests that the decreased SNR originates from
“frozen-in” pyroelectric and photorefractive charges. These perturbations can further in-
crease the internal waveguide losses at CT, which can contribute to the reduced SNR. The
substantial shift in signal and idler wavelengths during the cooling process prevents a
direct comparison between the different operation temperatures. Consequently, it is more
physically meaningful to evaluate the relative performance of various waveguides under
identical cryogenic conditions, rather than attempting a direct comparison between their
cryogenic and RT behavior.

To this end, I found that the degenerate waveguide outperformed the proof-of-principle
one across all figures of merit at CTThe effects of photorefraction and pyroelectricity can
cause unpredictable phase-matching alterations which might remain over long time scales.
One essential difference between the two characterized waveguide samples can be found
in their history. The data presented for the degenerate waveguide was recorded directly
after fabrication. However, the proof-of-principle waveguide had a long history of prior
exposure to both thermal cycling and high optical pump power. It is reasonable to assume
that earlier experiments may have led to permanent changes in the refractive indices. This
assumption is further supported by the observation that the proof-of-principle waveguide
exhibited a relatively short effective length (approximately 30 % of the total length) during
RT operation, which was performed subsequent to the cryogenic measurements.

The observations from these measurement series indicate that the cryogenic waveguide is
prone to experience photorefractive and pyroelectric damage, causing inhomogeneous

65



3 Cryogenic SPDC in the telecom range

electric field distributions. As the charge carrier mobility decreases at CT, the induced
charge fields “freeze in”, making it increasingly difficult to dissolve them. The electric
fields result in refractive index modifications, causing unwanted phase shifts and thus
phase-matching distortions. Furthermore, these alterations manifest themselves in the
observed reduced effective length, or spectral deviations from the expected sinc? shape. An
additional possible consequence are increased optical waveguide losses, as changes in the
refractive index profile affect the capability of the in-diffused waveguides to confine the
light. If the refractive index changes are sufficiently strong, they act as scattering centers
and waveguiding is no longer ensured. The photons are then diverted into the substrate,
resulting in increased transmission losses and distortions in the spatial mode profile.
Consequently, the photon propagation is increasingly perturbed by trapped electrical
charges, leading to degraded waveguide performance at cryogenic temperatures.

Despite the discussed limitations, one key finding of this chapter is that cryogenic SPDC
in Ti:PPLN waveguides is achievable and capable of high performance, provided that the
operation parameters are carefully optimized. This optimization might include limiting
optical pump power and photon energy, restricting phase-matching to specific polarization,
or managing the durability constraints of the waveguide. For this reason, the subsequent
chapter provides an extended investigation of the underlying factors influencing the
cryogenic performance. This involves examining the roles of wavelength and polarization,
identifying asymmetries in the spatial modes of TE- and TM-polarized light, and assessing
the total cryogenic waveguide throughput.
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As shown in Chapter 3, titanium in-diffused waveguides in lithium niobate enable type-II
SPDC in the telecom range under cryogenic temperatures. The performance, however, is
affected by photorefraction and pyroelectricity. The susceptibility of the waveguide to these
effects is highly dependent on the specific nonlinear optical process and the waveguide
characteristics. Photorefraction, on the one hand side, can be typically described by a
definite intensity threshold. Nevertheless, this threshold cannot be generalized. It varies
for different waveguide samples, depending on the number and density of impurity centers.
On the other hand, pyroelectricity has a spontaneous character. The accumulating charges
gather randomly at different locations inside the crystal. Consequently, also the fraction of
charges which experience a discharge varies for repeated cooldown cycles, resulting in an
arbitrary charge distribution at CT. These effects certainly add an unpredictable ingredient
to the overall cryogenic performance of the Ti:PPLN waveguides.

Notwithstanding this spontaneous nature, certain general physical principles are known
to influence the degree of the two effects. Photorefraction is generally observed for TM-
and TE-polarized light, but the change in the extraordinary refractive index (affecting TM
polarization) is much larger compared to the ordinary one (affecting TE polarization) [169].
In addition, the photorefractive intensity threshold decreases with increasing photon
energy [[169]. Moreover, the pyroelectric effect results in changes in the spontaneous
polarization, which is aligned with the crystalline c-axis [[88]. As a consequence, the
arising electric fields are oriented in this direction and also mainly affect the TM-polarized
modes.

At a glance

The cryogenic process characterized in this experiment is a non-degenerate type-0
SPDC process, where all fields are TM-polarized. The process is pumped with a pulsed
beam of approximately 590 nm which is generated in a separate, heated waveguide
using SFG. The phase-matching of the cryogenic waveguide is optimized so that the
created signal and idler photons have a central wavelength of around 1556 nm and
950 nm:

590 nm (TM) — 1556 nm (TM) + 950 nm (TM)
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This cryogenic NLO process is particularly susceptible to distortions, which are induced
by both effects. We will explore the cryogenic performance of this widely non-degenerate
frequency conversion by implementing both type-0 SFG and SPDC. For lithium niobate,
type-0 phase-matching - utilizing TM-polarized modes exclusively - accesses the largest
element of the second-order nonlinear susceptibility tensor (ds3) [[108]]. This means that the
type-0 process is expected to provide stronger conversion efficiencies than the previously
characterized type-II interaction. However, while we rely on successful mode guiding
for TM polarization, especially this polarization is more strongly affected by both effects,
than the TE-polarized modes. Moreover, the NLO process either generates a visible beam
at 590 nm (SFG), or is pumped by visible light (SPDC). In order to avoid photorefractive
damage, the optical power of this high-energy beam must be kept at a low level.

The specific wavelength combination can be of interest for quantum teleportation exper-
iments, in which the information of a photon from a quantum dot could be transferred
to the telecom range [61]]. Furthermore, in the scope of this thesis, this nonlinear
process was actively chosen due to its enhanced susceptibility to photorefraction and
pyroelectricity, in comparison to the previously characterized type-II interactions. The
results significantly deepen the understanding of how cryogenic conditions influence the
lithium niobate properties and provide insights into the achievable performance limits.
The primary findings discussed here are published in Optics Express in Ref. [[141]]. This
chapter maintains the structure of this publication, but contains expanded data sets and
more detailed methodological and technical explanations.

The experimental setup utilizes two distinct Ti:PPLN waveguides which are designed to
phase-match the same wavelength interaction, but at different operation temperatures. To
drive the cryogenic SPDC, the visible pump light is first generated via SFG, as no laser
source emitting at the target wavelength was available. The pump light generation is im-
plemented in a waveguide housed within a high-temperature crystal oven. This waveguide
sample is dedicated exclusively to performing SFG at elevated temperatures, to mitigate
photorefractive damage. This process is characterized for both CW and pulsed operation.
As both waveguides employ the same phase-matched wavelengths, the observations for
the heated SFG serve as a comparative framework and can be adopted for the cryogenic
waveguide. The second waveguide sample is the primary device under test which is solely
operated within the free-space coupled cryostat. This sample is characterized accord-
ing to its linear transmission, the nonlinear SFG phase-matching, and finally its SPDC
efficiency.

This chapter is organized as follows. First, the complete experimental methods are intro-
duced, including the optical setups and the waveguide design for both samples. Next, the
operation of the actively heated waveguide is described, including its characterization and
pump light generation for SPDC. These measurements are followed by the investigation
of the cryogenic waveguide with regard to its linear and nonlinear properties. Finally, the
cryogenic chip is pumped with the SFG from the heated chip and the properties of the
SPDC photons are analyzed.
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4.1 Experimental methods

The complete experimental setup is depicted in Fig. 4.1 and can be separated into three
main parts: (a) the heated pump light generation via SFG, (b) the linear and nonlinear
characterization of the cryogenic waveguide, and (c) the cryogenic SPDC process. Fig.|4.1/(d)
illustrates the single-photon grating spectrometer which is inserted into the cryogenic
SPDC setup for recording the JSI. First, the three individual setup designs are discussed in
detail. This is followed by a specification of the waveguide sample designs, completing the
description of the experimental methods. Finally, the results obtained from the three core
experiments are presented and analyzed in Sections 4.2 to 4.4.

4.1.1 Pump light generation

The pump light generation is shown in Fig. 4.1 (a). The crystal oven is employed to fine-tune
the phase-matching to achieve maximum conversion at 590 nm. The operation temperature
can be tuned up to 210 °C with a stability of 0.01°C. The poling periods span from 8.99 pm
to 9.11 um while the central period is optimized for about 175 °C. This allows, on the one
hand side, to tune the temperature in both directions and on the other hand side, to chose
from multiple poling periods to optimize the result.

For the SFG process, two laser beams are coupled into the waveguide. The first laser is
a near-infrared (NIR) CW laser that is tunable from 910 nm to 980 nm with a maximum
output power of about 80 mW (CTL 950, TOPTICA Photonics). In a first test, this laser is
combined with a second tunable CW laser emitting in the telecom C-band (T500S, EXFO)
for characterizing the phase-matching properties. This measurement is performed with
two CW lasers since the narrow spectral bandwidth allows to resolve the phase-matching
spectrum without significant broadening due to the laser bandwidths. The wavelength
of the telecom laser is fixed to 1556 nm, while the wavelength of the NIR laser is scanned.
Following this nonlinear characterization, the telecom CW laser is exchanged by the pulsed
femtosecond laser, in order to generate the pulsed pump light for SPDC. This pulsed laser
was also used to pump the SHG in the earlier measurements described in Chapter 3|(Onefive
Origami 15 LP, NKT Photonics). This laser has a central wavelength of (1556.4 + 0.2) nm,
a spectral bandwidth of (11.81 + 0.02) nm, and a repetition rate of 80 MHz. The pulsed
wavelength is not tunable. For this reason, the telecom CW laser in the first experiment is
set to the same wavelength as the pulsed laser, in order to obtain comparable results in
both measurements.

The pulsed laser is further spectrally filtered with a 4f-setup to decrease its spectral
bandwidth while increasing the pulse duration (see Fig. 4.2). Although the filtering reduces
the available pump power, this process increases the generated SFG intensity by creating a
better match of the interacting bandwidths and increasing the temporal overlap with the
CW laser. This is critical since the temporal overlap is the factor that represents the major
constraint on the efficiency.
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Figure 4.1: Experimental setups to characterize non-degenerate nonlinear frequency conversion.
(a) SFG is performed in the heated waveguide to characterize its performance and to
generate the pump light for the SPDC experiment. (b) Next, the CW SFG is repeated
for the cryogenic waveguide to investigate the waveguide quality. (c) Finally, both
setups are combined to couple the SFG from the heated waveguide into the cryogenic
chip to pump SPDC. (d) The spectral properties of signal and idler are characterized
by using one grating spectrometer setup in each arm. D-Mirror: D-shaped mirror,
HWP: half-wave plate, DM: dichroic mirror, L: aspheric lens, Ti:PPLN: periodically
poled titanium in-diffused waveguides in lithium niobate, BPF: band-pass filter, SPF:
short-pass filter, SNSPD: superconducting nanowire single-photon detector.

The polarization in each path is controlled with a HWP to provide TM polarization, before
both the NIR and the telecom laser are overlapped with a long-pass DM. Both beams are
coupled together into the heated waveguide with an uncoated aspheric lens with a focal
length of 13.9 mm. The aspheric lens on the out-coupling side is AR-coated for the visible
range, has a focal length of 8.0 mm, and a high numerical aperture of 0.5 to ensure all
generated light is collimated. On the out-coupling side, two SPFs at 850 nm are used to filter
out the pump light. In addition, a BPF is set up, consisting of one SPF at 650 nm and one LPF
at 550 nm. This filter combination is required to ensure any higher harmonic light from the
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Figure 4.2: Illustration of the spectral and temporal transformation of the pulsed beam within the
4f-configuration. (a) The spectral bandwidth is decreased, reducing the mismatch with
the CW bandwidth. (b) The pulse duration is increased, providing an enhanced, albeit
still limited, temporal overlap with the CW laser.

two lasers is filtered out as well. Without these filters, especially the SHG from both lasers
around 778 nm and 475 nm will cause additional noise in the setup. Further details for the
keen experimental scientist on the pump generation can be found in Appendix|A.4.1.

4.1.2 Cryogenic waveguide characterization

The waveguide sample optimized for cryogenic operation is positioned inside the free-
space coupled cryostat. During the measurement series presented in this chapter, the base
temperature at the sample stage was about (6.6 + 0.2) K. Before operating the cryogenic
chip as an SPDC source, the cryogenic waveguide modes, transmission and phase-matching
are evaluated. The experimental setup for this measurement is similar to the setup used for
the heated SFG process and is shown in Fig. 4.1/(b). Both CW lasers are coupled into the chip,
this time using an achromatic, aspheric lens with longer working distance (focal length
of 15 mm). The minimum distance between the waveguide chip and the lens, positioned
outside of the cryostat, is defined by the position of the cryostat window. The generated
SFG light is out-coupled with another achromatic lens (focal length of 15 mm), AR-coated
in the visible range. The same filter combination as in the heated experiment is used.

4.1.3 Cryogenic SPDC

In order to operate the cryogenic waveguide as an SPDC source, both setups are combined
to pump this waveguide with the pulsed SFG signal (see Fig. 4.1 (c)). To mitigate optical loss
associated with fiber coupling, the two setups are connected via a free-space link spanning
approximately 2.5 m. The generated photon pairs are first filtered by LPFs at 850 nm and
then split by a DM that cuts at 1180 nm. The signal and idler photons are coupled into
PM single-mode fibers each and detected by SNSPDs. Both, detectors and the attached
fibers in the cryostat are optimized for an operation wavelength of 1550 nm. This limits the
detection performance for the idler photons around 950 nm, so that this path is expected
to exhibit higher losses.
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In order to characterize the spectral properties of the SPDC photons, the two spectrometers
are used, as shown in Fig. 4.1 (d). For these experiments, one spectrometer is kept unchanged
since it is already optimized for 1550 nm, but the second one is adjusted to be operated
around 950 nm. This includes exchanging the blazed grating and connected PM fibers.
The new grating is optimized for 750 nm instead of 1600 nm and specified to feature high
efficiency around 950 nm. Moreover, the python code to perform the calibration was
expanded in its functionality to be operated with the tunable 950 nm laser. The calibration
reveals that the two spectrometers have a Gaussian transmission profile with unequal
bandwidths of AAs = (0.92 + 0.01) nm and AA; = (0.52 + 0.03) nm. This is because the two
gratings have a different number of grooves. The spectrometers are first used to detect the
signal and idler marginal spectra and finally to measure the JSI.

4.1.4 Waveguide design

Both waveguide samples used for this measurement series are optimized to phase-match
the wavelength interaction 1556 nm + 950 nm — 590 nm when all fields are TM-polarized,
but at different operation temperatures. As stated in Section [2.1.3, the simulation of the
effective refractive indices using RSoft provides good accuracy for ambient conditions. We
can thus directly calculate the poling period for the heated waveguide. The calculations
for cryogenic temperatures, however, rely on the low-temperature extrapolation. For
the previously investigated type-II process, I could account for the discrepancy between
simulation and experiment using the empirical correction term. Since this correction is
applied to the linear combination of all three involved refractive indices, it is not possible
to use the same term for the type-0 process.

From the previous measurements it was not feasible to extract an individual correction for
the ordinary and extraordinary refractive indices. As will be demonstrated in Section |5.1.3,
non-degenerate type-0 phase-matching can indeed be utilized to experimentally estimate
the Sellmeier equations for our waveguides. This specific method is reserved for that later
section. It is important to note here, that the simulated extraordinary refractive indices
closely match the ones that can be derived from the cryogenic experiment. For this reason,
I decided to go with the unchanged effective refractive indices for the fundamental modes
TMoo, as I got them from the RSoft simulation. Based on this simulation data, I calculated
the required cryogenic poling periods A for the upcoming experiments, according to

1 nmoo(Ap, T) _ nomoo(A, T)— nrvioo (A5, T)
AT) Ap As Ai .

(4.1)

The chip operated in the crystal oven has a total length of 40 mm. The poling periods span
from 8.99 pm to 9.11 um and are chosen so that the central one phase-matches 1556 nm +
950 nm — 590 nm at a temperature of 175 °C. The cryogenic chip has a length of 22.9 mm.*

10ne end facet was partly broken during fabrication and the sample was shortened to this length, which is
just long enough to be coupled cryogenically using the long working distance lenses.
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This sample has four different poling regions. Among others, two waveguide groups are
poled to phase-match the type-0 interaction at RT. They have a period of 9.35um and
9.40 pum, respectively. Another region, consisting of five waveguide groups is optimized
for CT phase-matching at 5K. These poling periods span from 9.58 um to 9.70 um. The
end facets of both waveguide samples possess an AR coating, enabling high transmission
(> 99 %) for about 950 nm and 1550 nm on the in-coupling side and high transmission
around 590 nm on the out-coupling side.

Spatial waveguide modes

All waveguides on both chips are chosen to have a small width, defined by a titanium
strip with a width of 5 pm. This limits the number of higher order spatial modes that are
supported by the waveguides. As discussed in Section 2.1.2, Ti:PPLN waveguides permit
multiple spatial modes for wavelengths shorter than approximately 1000 nm. This means
that the waveguide is multi mode for the idler photon around 950 nm. By choosing a
small waveguide width of 5 pm, the number of higher order spatial modes can be limited. I
simulated the guided spatial modes for all three interacting wavelengths using RSoft for
both operation temperatures of 175 °C and 5 K (see Fig. 4.3). Independent on the temperature,
the number of modes is the same and these modes are very similar in size and shape. The
modes are shown together with their effective refractive indices n. These are reduced at
cryogenic temperatures in the second decimal place. This reduction directly results from
the strong temperature dependence of the extraordinary refractive index. However, the
refractive index contrast between the in-diffused titanium and the surrounding lithium
niobate remains mostly unchanged. The simulated modes thus remain similar as well.

Since the chosen wavelengths are widely non-degenerate and the Ti:PPLN waveguides
provide low confinement, there is a strong difference in size for the fundamental modes
TMyo (see (a), (b), (d) in Fig. 4.3). The spatial overlap of three modes E;, E;, and E; is given
by
) (/] EiE2EsdA)’
T (T Eraa) (] Ezaa) ( Exda)
To calculate the overlap from the simulated modes, the integral is carried out by summing

over the matrix elements. This results in the following approximation for the three-mode
overlap

(4.2)

3
(Zx,z El,x,zEZ,x,zE3,x,z)
Zx,z E13,X,z) (ZX,Z Eg,x,z) (ZX,Z Eg,x,z)

When comparing the three fundamental modes that are phase-matched for the chosen
interaction, this results in an overlap of 23.0 % at 175 °C and 22.9 % at 5 K. This overlap sets
a theoretical upper limit for the overall achievable conversion efficiency of the SFG and
SPDC process, when only considering the spatial mode overlap.

Noverlap ~ ( (4.3)
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(I) Spatial modes of the heated waveguide at 175°C
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Figure 4.3: Comparison of the simulated spatial modes for 5pm wide Ti:PPLN waveguides at
(I) 175°C and (II) 5K. (a) At 1556 nm the waveguide only supports the fundamental
mode, (b) - (c) in addition to the fundamental mode, one higher order mode is guided
at 950 nm, and (d) - (k) the waveguide becomes highly multi-mode at 590 nm.
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At a wavelength of 950 nm, the waveguides support only one higher order spatial mode
TMj in addition to the fundamental one (see (c) in Fig. 4.3). The significantly smaller mode
size in the visible range results in guiding of seven higher order modes (see (e) - (k) in
Fig. 4.3). The multi-mode behavior of the waveguide represents a challenge, as it cannot
be guaranteed that the full intensity of the laser beam is coupled to the fundamental mode,
which further limits the conversion efficiency. Even though the free-space beam, that is
coupled to the waveguide, would have a Gaussian profile with maximum overlap with the
fundamental mode, part of the intensity is always coupled into higher order spatial modes.
Careful alignment of the in-coupled beam can minimize this proportion. However, this
means that part of the idler photons around 950 nm will occupy the TM;p mode and are
thus not properly coupled to the single-mode fiber that is permanently connected to the
SNSPD. In addition to the detector being optimized for 1550 nm, this is another reason to
expect that the idler arm exhibits higher losses than the signal path.

4.2 Sum-frequency generation for pump light generation

In the first step, I characterized the phase-matching of the heated SFG chip at 175 °C by
pumping with both CW lasers. The optical power measured in front of the in-coupling
lens was 27.7mW for the telecom laser and 48.4 mW for the NIR laser, which was the
maximum achievable power reachable over the full scanning range. The transmission
for the combination of in-coupling lens, waveguide, and out-coupling lens was measured
to be Tissenm = 23.1% and Tosonm = 51.4 %. Here, the coupling of the 1556 nm beam was
limited because the chosen collimation package was not matched to the focal length of
the in-coupling lens. However, since the CW measurements aimed on investigating the
phase-matching spectrum only, the limited coupling efficiency was not critical for this
experiment.

Over the scanned range, I observed six peaks in the SFG intensity, corresponding to
six phase-matched processes involving different spatial modes. Since each spatial mode
experiences a slightly different effective refractive index (compare the simulations in
Fig. 4.3 (I)), this results in different phase-matching conditions. For each mode, I set
the tunable laser to the peak wavelength, re-optimized the in-coupling lens to generate
maximum SFG power, and performed a detailed wavelength scan. Furthermore, I took a
mode image of the generated SFG beam for the point of maximum intensity. This was
done by exchanging the out-coupling lens with a 50x magnifying objective and focusing
on the beam camera. The measured phase-matching spectra and the spatial mode profiles
of the SFG beam are shown in Fig. 4.4.

The spatial modes can be clearly identified from the taken mode images. Each image shows
only one spatial mode; no overlap with additional modes is visible. This shows that the
use of two CW lasers enables the generation of a specific spatial mode in the visible range.
Moreover, all SFG spectra show a prominent main peak and a spectral shape close to a
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Figure 4.4: Phase-matched SFG processes in the heated waveguide with a poling period of 9.11 pm
operated at 175 °C. The wavelength of the telecom laser was kept constant at 1556 nm,
while scanning the NIR wavelength. Within the scanning range, six processes can be
identified. The insets show images of the generated SFG mode taken with the mode
camera. Please note, that the intensity of the four smaller peaks was multiplied by a
factor of 10 to make the data more clearly visible.

sinc? function, which verifies accurate waveguide fabrication. I detected the transverse
magnetic modes TM21, TMZ(), TM()z, TMOI: TMlO: and TMO(]-

The generated modes TMy; and TMy reach the highest intensities. To properly display
the other four modes in Fig. 4.4, these spectra are magnified by a factor of 10. Due to the
low intensity, I assume that these interactions can be neglected for the phase-matching
considerations of the SPDC process. While I concentrate on the phase-matched process of
all three beams being coupled in the fundamental modes (TMyy), these results show that the
generated TMy; mode reaches comparable intensity. This is due to the significant spatial
overlap of 34.8 % between this specific mode and the fundamental modes of the other
beams. Notably, this value exceeds the 23.0 % overlap, which is achieved when exclusively
considering the fundamental modes of all three beams. From this measurement, I can
conclude that any intensity that gets coupled to the TMy; mode at 590 nm may be converted
to SPDC photons. Moreover, the conversion efficiency of this secondary interaction is
assumed to be similar to that of the designed interaction. The difference, however, lies in the
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generated signal and idler wavelengths, which will be different from the design. The close
agreement between the simulated spatial modes for the heated and cryogenic waveguides
(see Fig. 4.3) justifies using the heated phase-matching data to predict performance in the
cryogenic system.

I further observed that the coupling of the 950 nm beam is highly sensitive to the position
of the in-coupling lens. Tiny movements of the lens from left to right result in an apparent
transition from the fundamental mode being excited to the higher order mode TMy,. This
was verified by performing slight movements of the lens when observing the coupled
spatial mode on the camera. This sensitivity of the lens position requires careful alignment
of the in-coupling stage throughout all measurements. For this reason, when optimizing
the coupling of the NIR beam, I did not only rely on achieving maximum transmitted power,
but I also verified that the fundamental mode was coupled by using the mode camera.

Following the CW phase-matching investigations, I focused on the generation of the
pulsed pump light, employing the waveguide which showed highest CW SFG intensity.
The temperature of the SFG chip was tuned to 140 °C, so that the phase-matching point
was adjusted for generating 590 nm. I additionally tuned the slit width in the 4 f-setup. The
unfiltered pump spectrum had a spectral bandwidth of 11.81nm and a pulse duration of
208 fs. The pump bandwidth, which maximized the SFG power, was 0.8 nm and the pulse
duration increased to 1.5 ps.

The heated SFG waveguide was pumped with maximum input power of 74.12 mW for
the CW 950 nm laser and 2.31mW for the pulsed 1556.4 nm beam. Under these pumping
conditions, an SFG power of 46.8 yW was obtained. The external nonlinear conversion

efficiency is given by
Pout

—_—, (4.4)
Pin,lpin,ZL2

]’] =
where P, is the out-coupled, generated SFG power, Pi,; and Py, are the in-coupled
power values for the two input lasers, and L is the poled waveguide length of 40 mm.
This results in a conversion efficiency of 1.71%/Wcm? for this process. This efficiency is
limited by the finite spatial overlap of the differently sized fundamental waveguide modes
and the temporal overlap of the pulsed with the CW laser. The spectrally filtered pulsed
laser generates 1.5 ps pulses at an 80 MHz repetition rate. Consequently, the total time
per second during which the two lasers can interact can be approximated by 120 ps. This
restricts the temporal overlap to about 0.012 %.

The wavelength spectrum of the generated SFG beam was detected with a single-photon
sensitive spectrometer (Andor Shamrock SR-500i) equipped with an EMCCD camera
(Andor Newton 970P). The measured spectrum can be found in the appendix (see Fig. A.2).
The central wavelength of the generated pump beam is (590.016 + 0.002) nm and the full
width at half maximum (FWHM) is (0.150+0.003) nm. Consequently, the target wavelength
of 590 nm was reached with high accuracy. The measured parameters are used to simulate
the expected cryogenic JSI of the SPDC source in Section 4.4.2.
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4.3 Cryogenic waveguiding and phase-matching
characterization

Before coupling the SFG pump beam into the cryogenic waveguide, its linear and nonlinear
performance under CT must be established. The measurements were performed on the
experimental setup illustrated in Fig. 4.1 (b). These experiments specifically aimed to
identify differences between the propagation of TE- and TM-polarized modes. The wave-
guide is evaluated with respect to its linear guiding quality and nonlinear phase-matching
properties.

The sample was cooled down eight times over a period of six months. However, a quanti-
tative comparison of each cooldown is beyond the scope of this section. The following
discussion focuses only on the individual cooldowns that yielded a measurable cryogenic
SFG signal. It should be noted that the stochastic nature of the pyroelectric effect often
resulted in cycles with negligible signal, precluding a comprehensive comparison across all
eight cooldowns. Instead, this section aims to evaluate the cryogenic transmission, spatial
mode profiles, and phase-matching based on the successful iterations. A detailed analysis
of the reproducibility and reliability of cryogenic Ti:PPLN can be found in Section 5.2.

4.3.1 Linear waveguide performance

This section is started with a short, primarily observational overview of the experimental
results. I observed an inconsistent behavior of the waveguide sample; the performance for
separate cooldowns varied from (at this point, I will quote from my lab book)

“T have a lot of trouble to couple properly to the waveguides because the trans-
mitted power is super low and there is scattered light around the modes”,

to
“The cryogenic modes were super easy to find and looked very clear”.

In my opinion, these two quotes give a proper impression of how different the cryogenic
performance can be, when repeating the same cooldown procedure. In four cooldowns, I
observed that the waveguides supported guiding of the TE-polarized modes, while coupling
of the TM-polarized modes was challenging. This applied to both CW lasers (at 1556 nm
and 950 nm). The TE mode could be clearly identified by observing the collimated mode
profile on a fluorescent card. The TM mode, however, was not visible at all after rotating
the polarization. The centers of the mode distributions are at slightly different heights,
which explains why polarization rotation does not result in optimized coupling for the
orthogonal polarization. However, at RT this is sufficient to achieve basic coupling, so that
further alignment can be performed by optimizing the transmitted mode.

At cryogenic temperatures, I relied on inspecting the transmitted intensity with the 50x
magnifying objective and a beam camera to optimize coupling. I had to abort four cycles
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since I could not achieve coupling of the TM mode, instead a noise pattern was observed
with the camera. This raises the assumption that most of the in-coupled light got scattered
into the substrate instead of being guided through the waveguide. It is noteworthy that
this observation was consistent across the entire waveguide sample. However, in the other
cooling cycles, TM polarization yielded indeed a collimated mode, although with reduced
transmission compared to the TE-polarized modes.

Cryogenic waveguide efficiency

The transmitted optical power was systematically recorded for five waveguides, which
demonstrated cryogenic coupling for both polarizations. These measurements were initially
conducted at CT and subsequently repeated following the system’s return to RT, in order to
track changes in the waveguiding. I studied the transmission for both CW lasers (1556 nm
and 950 nm) and both polarizations (TE and TM). The input power Pj, in front of the
in-coupling lens, was set to 5mW for every measurement and I detected the output power
Pqyut, which was collimated by the 50x magnifying objective. This objective was employed
for out-coupling to facilitate the simultaneous acquisition of mode images together with
the transmission measurements. The total transmitted output power is composed of

2
Pout = PinTiens,in'in Twindow Twaveguide Nout Tlens,out » (4.5)

where Tiens in/out are the transmission values of the in- and out-coupling lenses, 7in /oyt their
coupling efficiencies, Tyindow 1S the transmission of a single cryostat window of which two
are in the beam path, and Tyayeguide is the waveguide transmission.

The in-coupling lens is achromatic with an NIR-AR coating, specified with a reflectiv-
ity of R < 0.7 %. Further, the out-coupling end facet is AR-coated and the out-coupling
objective has a high numerical aperture of 0.42, so that it collects most of the light. There-
fore, I approximate Tjepsin & 1 and 7oyt = 1. I measured the transmission through the
two cryostat windows and took the square root. This transmission of a single window
Twindow =~ 93 % matches the data sheet well. This value remains constant over the relevant
wavelength range. Additionally, the detected objective transmission Tjens out 1556 = 59.5 %
and Tjens out950 = 63.4 % fit to the specifications. From these measurements and approxi-
mations, it is not possible to extract Tyyaveguide and 7in, Which is why I show the combined
“waveguide efficiency” according to

P out
2 .
P, inT Tlens,out

window

Twaveguide’]in = (4.6)

This measurement series was designed to investigate two main phenomena: first, whether
“frozen in” pyroelectric or photorefractive charges can recombine during the transition
to RT; and second, to what extent the waveguide performance exhibits polarization de-
pendency. An overview of the experimental measurements and the corresponding re-
search questions they aim to address is provided in Table |4.1. At first, the transmission
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Table 4.1: Overview of the measurement conditions (operation Temperature T and pressure p)
and associated research objectives in order to investigate thermal recombination and
polarization effects in the waveguiding.

T [K] p [mbar] Research Question

7 (CT) 1.6 - 107> (Vacuum) To what extent do the cryogenic waveguides exhibit a
polarization-dependent performance?

296 (RT) 16 (Vacuum) Do “frozen in” charges recombine during a warmup
from 7K to 296 K, based on their increase in thermal
energy, or does the low-pressure environment
suppress discharges?

296 (RT) =1000 (Vented) Is active venting required following a warmup to
enable complete relaxation of pyroelectric charge
fields?

296 (RT) ~1000 (Opened) Does the process of removing the shroud and
subsequently realigning the lenses introduce
significant variations in the coupling efficiency?

measurement was performed at CT. Next, I warmed up and repeated the measurement
while the sample chamber was still under vacuum. However, the pressure increased from
1.6-107° mbar at 7 K to 16 mbar at RT, since the vacuum pump is by default turned off during
the warmup. I wanted to investigate if there is a major improvement in the waveguide
performance when venting the chamber, which would mean that the vacuum prevents
discharges although the thermal energy is increased. Unfortunately, the pressure increase
during warmup did not allow to investigate these effects completely independently. In the
third measurement, the system was vented and the pressure increased further to ambient
conditions. In the final measurement, the shroud was removed. Here, Eq. (4.6) was modified
by Twindow = 1, since no window was in the beam path. The in- and out-coupling lens
must be dismounted and realigned afterwards when removing the cryostat cover. The
last measurement thus provides information about the reproducibility of the waveguide
coupling when restarting the alignhment procedure.

Fig. 4.5 shows the changes in the waveguide efficiency Tyaveguidein for both wavelengths
and polarizations. All efficiencies are reduced at CT and then demonstrate a significant
increase when warming up to RT, even though the system is still under reduced pressure.
Furthermore, the efficiency for TE-polarized light consistently exceeds the efficiency of
the TM-polarized beam. This observation applies to both wavelengths. When venting
the chamber, the efficiencies for TE-polarized light present a very slight trend of being
increased while the average efficiency for TM polarization remains mostly unchanged.
The final measurement demonstrates similarly small variations compared to having the
shroud closed, but no clear trend is recognizable.
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Figure 4.5: Variations in the combined waveguide transmission and in-coupling efficiency for
five waveguides during four measurement stages. The measurement was performed at
cryogenic temperatures (CT, Vac.), then at room temperature when the chamber was
still under vacuum (RT, Vac.), after venting the chamber (RT, Vent.), and after opening
the system (RT, Open.). For better comparison, the data points are connected and all
data is shown on the same y-axis scale. Individual waveguides are labeled according to
their group and index, e.g., “WG 12-1” refers to the first waveguide of group 12.

Overall, the three measurements at RT yield a comparable result and the cryogenic effi-
ciency is strongly reduced. From these observations, four key conclusions can be drawn:

1. The TE-polarized modes demonstrate considerably higher waveguide efficiency in
every measurement, compared to the TM-polarized modes. It is well known, that the
internal waveguide losses at RT are in general higher for TM polarization, as the center
of the mode is located closer to the surface. This makes the traveling field more sensitive
to surface imperfections such as tiny scratches or dust particles. The measurement data
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shows that this difference clearly persists under cryogenic conditions. The observed gap
in efficiency further indicates that the TM-polarized modes are particularly susceptible
to “frozen in” charges resulting from the cooldown.

2. In all four combinations of wavelength and polarization, the efficiency is strongly
reduced at cryogenic conditions. While variations in the absolute coupling efficiency
cannot be ruled out, the five waveguides demonstrate a highly consistent behavior.
This consistency suggests that the observed results are caused by intrinsic material
changes. This conclusion is supported by the following measurements evaluating the
waveguide losses and mode profiles (see Figs. 4.6 and 4.7).

3. Warming up, without venting the chamber to ambient pressure, causes a major im-
provement in the performance. The RT efficiency did not vary whether the system was
still at low pressure, or vented. This means that plenty of the cryogenic distortions to
the waveguiding can be resolved during the warmup process already. Unfortunately,
the impact of the warmup and the pressure cannot be completely separated since the
warmup itself resulted in a pressure increase. However, the measurements show that
this default warmup procedure in the attocube system clearly causes material changes,
so that the waveguide can recover from the cryogenic charge carrier “freeze in”.

4. As expected, the RT measurements with the vented sample chamber and with the
opened shroud do not show a substantial difference in the waveguide efficiency. This
demonstrates that the coupling can be reliably restored after remounting the lenses.
This observation further supports the assumption that the reduced cryogenic perfor-
mance is not due to misalignment of the coupling stages.

A closer look on the internal waveguide losses

Under all four measurement conditions, mode images were recorded for the five waveguides
and a wavelength scan was performed in order to investigate the internal waveguide losses.
These measurements allow more detailed conclusions about the in-coupling efficiency and
waveguide transmission, individually.

Two examples for the recorded mode images can be found in the appendix in Fig. A.3 for
the waveguides 13-1 and 14-2, respectively. As it can be seen from Fig. |4.5, waveguide
13-1 demonstrated reduced waveguide efficiency at CT, but great results under ambient
conditions. Waveguide 14-2, on the other hand, was the best performing waveguide at
cryogenic conditions, but not at RT. Fig./A.3 shows that both waveguides exhibit a confined
waveguide mode under all measurement conditions. While the TE modes show a clean
profile at CT and RT, the cryogenic TM modes always demonstrate a noise pattern together
with the fundamental mode. After the warmup, the relative intensity of the noise is reduced.
Furthermore, there are no evident differences in the mode sizes when comparing the images.
This is a relevant observation since these results indicate that the cryogenic in-coupling
efficiency should reach comparable values, as when coupling to the RT waveguide. As a
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result, the reduced waveguide efficiency appears to be caused by a decreased waveguide
transmission rather than a change in the coupling efficiency.

This statement can be verified when inspecting the transmitted intensity during the
wavelength scans. Since a waveguide acts as a Fabry-Pérot resonator, the intensity contrast
of a wavelength scan is a direct measure for the internal losses [[182]. Considering the
sample used in this measurement series, one end facet exhibits an AR coating for 950 nm
and 1550 nm. This prohibits using the default equation by Regener et al. [182]), to identify
the absolute waveguide losses. However, the end facet still reflects a small amount of the
signal so that the transmitted intensity shows Fabry-Pérot oscillations when scanning
the wavelength. A comparison of the contrast at RT and CT thus provides a qualitative
comparison of the losses.

Fig. 4.6/ presents the measured transmitted intensity for waveguide 14-2 when scanning
the telecom laser. The data for waveguide 13-1 has been added to the appendix as another
example (see Fig. A.4). The scanning resolution was limited by the laser properties, enabling
a smallest step size of 1 pm. To account for the differences in the average transmitted power
of the four measurements, the data was normalized according to Pyorm(4) = (P(4) —
Prean) /Pmean, With P(A) the individual data points and Ppean the mean of all data points.
The measured free spectral range (FSR) of the oscillations matches the expected FSR of
about 24 pm for the waveguide length of 22.9 mm. This verifies that the oscillations are
indeed created in the waveguide and do not origin from another cavity in the setup. The
expected FSR for the NIR laser is 9.1 pm. Although the scan around 950 nm was performed
with a small step size of 0.25 pm, no oscillations were visible in the transmitted intensity.
The NIR scan did not yield a result for either polarization at CT or RT. This is caused
by the AR coating for 590 nm that is applied to one end facet, which also provides low
reflection for longer wavelengths up to about 1100 nm. For this reason, both end facets can
be considered AR coated for 950 nm. Consequently, only the scans in the telecom range
are discussed.

The data shown in Fig. 4.6| clearly demonstrates a decreased contrast at cryogenic tem-
peratures. While the TE-polarized power at cryogenic conditions still exhibits very clean
oscillations with a high contrast, the contrast for TM polarization is strongly reduced.
As expected, the TM contrast at RT is lower than for TE-polarized light. At cryogenic
conditions, this difference between TE and TM becomes even more significant. In general,
scanning the TE-polarized wavelength reliably revealed oscillations in the transmitted
power. Detecting the oscillations with the TM-polarized beam did not work consistently.
It was helpful to place a pinhole in the transmitted beam path to spatially filter out the
noise originating from the substrate modes. While this action enhanced the clarity of the
oscillations, the results remained less consistent than those observed for TE polarization.

The contrast measurement is independent of the coupling efficiency and solely represents
the internal waveguide losses. The reduction in the TM-polarized contrast is thus a clear
signature of a decreased waveguide transmission. This is consistent with the observations
for the spatial modes, which permanently exhibited background noise for TM polarization.
During the repeated thermal cycles, I could observe that the amount of stray light varied
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Figure 4.6: Normalized transmitted power through waveguide 14-2, measured while scanning the
input wavelength. The scan was performed using TE and TM polarization at room
temperature of 296 K and cryogenic temperature of 6.7 K. For better comparison, all

from cooldown to cooldown. In the last cycle, I again recorded the spatial mode images
for waveguide 14-2 (see Fig.|4.7). The differences between the cryogenic modes for the
two polarizations were very distinct. At both wavelengths, the intensity of the guided
TM-polarized modes is in the same order of magnitude as surrounding substrate modes.
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However, the TE-polarized modes are clearly separated from the background.

It is evident that any light intensity that is scattered into the substrate is not confined in the
waveguide and manifests itself as higher waveguide loss. This affects the measurements of
the waveguide efficiency for TM polarization (see Fig. 4.5), as the power meter detects the
fundamental mode, but also the substrate modes. This was evidenced by the introduction
of a spatial filter (pinhole) in the detection path. Consequently, the true guided power of
the TM mode is even lower as an inspection of the overall transmission would suggest.
From these observations, I can conclude that the waveguides demonstrate reduced linear
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(@) A = 1556 nm, Pol. = TE f(b))k = 1556 nm, Pol. = TM (c) A = 950 nm, Pol. = TE (d) A = 950 nm, Pol. = TM

Figure 4.7: Cryogenic spatial mode images of waveguide 14-2 for both CW lasers and both po-
larizations, recorded during cooldown 8. The intensity of the substrate modes for
TM-polarized light is in the same order of magnitude as the guided waveguide mode
itself.

waveguiding performance when operated at CT. Especially the TM-polarized mode is
strongly affected by the accumulating pyroelectric and photorefractive charges.

4.3.2 Variations in the nonlinear phase-matching

Since waveguide 14-2 showed the best cryogenic performance in the linear measurements,
the nonlinear experiments concentrate on this waveguide. The poling period is 9.64 pm.
Using the setup shown in Fig. 4.1 (b), I detected the CW phase-matching spectrum for the
SFG process involving the fundamental modes. As the linear waveguiding performance
demonstrated inconsistencies between repeated cycles, I also observed fluctuations in the
cryogenic phase-matching. Waveguide 14-2 was characterized three times under the same
conditions, during two cycles. The first measurement was performed in the sixth cooldown,
the other two measurements in the seventh cooldown. The changes in the spectrum are
shown in Fig. 4.8. The time difference between the measurements one and two was about
one month. Measurements two and three were carried out with two days in between.

The cryogenic waveguide consistently experienced significant phase-matching distortions
across all measurements. The spectral shape shows deviations from the ideal sinc?-shape,
since the main peak is accompanied by irregular side peaks of varying intensity. The
maximum cryogenic conversion efficiency in these measurements was 0.88 %/Wcm? when
generating (2.4 +0.2) uyW SFG power, which is about a factor of two smaller than the value
measured with the heated waveguide sample at a temperature of 140 °C. It is important
to emphasize that a direct comparison between these two values is not feasible due to
fundamental differences in the experimental configurations. The SFG process in the heated
sample was pumped by overlapping the CW and pulsed laser, representing a significant
constraint on the conversion efficiency. In contrast, the cryogenic waveguide discussed
here is operated with CW pump light and has a different poling period. Furthermore,
potential variations in the coupling efficiency cannot be ruled out. However, even though
the cryogenic measurement was not limited by the temporal overlap of both CW lasers,
this conversion efficiency is lower than the pulsed, heated efficiency. This indicates that the
overall efficiency is reduced under cryogenic conditions. This observation is consistent with
the previously discussed results for the waveguide transmission. The increased waveguide
losses for TM polarization directly limit the achievable conversion efficiency.
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Figure 4.8: Measurements of the cryogenic phase-matching of waveguide 14-2. The SFG peak
power was normalized to one to better represent the changes in the spectral shape.
Measurements two and three were taken about a month after the first measurement,
during a separate cooldown.

From Fig. 4.8, it can also be seen that the general spectral shape varies between all three
measurements and the main peak shows a slight wavelength shift. This variation can be
traced back to the spontaneous and unpredictable behavior of the accumulating charges.
However, as the overall shift is limited to approximately 0.3 nm, the central wavelength
remains reproducible within a small window throughout the measurement series. This
indicates that while cryogenic operation generally constrains the conversion efficiency;, it
allows for a consistent phase-matched wavelength across separate cooldown cycles and
individual measurement sets.

The low conversion efficiency and the scattered light did not allow to repeat the multi-
mode phase-matching characterization that was performed for the heated SFG process
(see Section 4.2). When scanning the NIR wavelength over a longer range, I did not detect
additional peaks in the generated SFG intensity. This observation is attributed to the already
limited SNR of the phase-matching for the fundamental modes. The discussed phase-
matching configuration is subsequently employed to operate the cryogenic waveguide as
a non-degenerate SPDC source.

4.4 Non-degenerate photons from cryogenic SPDC

The cryogenic SFG measurements verified that the waveguide supports the designed TM-
polarized type-0 phase-matching under cryogenic conditions, albeit with reduced efficiency.
The next step was combining the heated SFG pump light generation and the cryogenic
waveguide to perform the SPDC experiment. This was done using the experimental setup
shown in Fig. 4.1 (c). The pulsed SFG beam at 590 nm was coupled through the cryogenic
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waveguide and the generated signal and idler photons were detected with SNSPDs. The
photons in the telecom range are referred to as signal photons, while the photons around
950 nm are referred to as idler photons.

4.4.1 Pump-power dependent performance

I measured the total clicks of the signal and idler detector and the coincidence counts
between both. This was done in dependence of the pump power for an integration time of
60 s. This data is shown in Fig. 4.9 (a). A logarithmic scale is used for the y-axis to display
all count rates on the same axis. From this, it can be directly seen that there is a significant
difference in the signal and idler count rate. The detected idler counts around 950 nm are
about a factor of 10 higher than the signal counts at about 1556 nm. This was unexpected
since both SNSPDs are optimized for the signal photon’s wavelength in the telecom range.
Consequently, the signal path was expected to have lower losses than the idler path. The
difference in counts is thus more likely to be caused by additional noise photons reaching
the idler detector, than significant loss in the signal path.

The number of counts in the idler arm increased even more when changing the polarization
of the pump beam from TM to TE polarization. This resulted in a strong increase of idler
counts, while there was a significant drop of the signal and coincidence counts. The
polarization dependence points to another nonlinear frequency conversion process which
is phase-matched when pumping the cryogenic waveguide with TE-polarized light. I
assume that this process yields idler photons which reach the detector. However, the
wavelength of the signal photons might be too long to either be properly coupled into the
optical fiber connected to the SNSPD, or to trigger a detection event in case the photons
reach the detector. Since the observed process yields a high idler count rate, these photons
can artificially increase the detected idler counts, even when the polarization is set to
TM. Slight imperfections, for example in the employed HWP, can cause a remnant of TE
polarization which might excite this process.

The nonlinear coefficient for lithium niobate is the highest for a TM-polarized type-0
process. Therefore, a process pumped with TE polarization has a lower nonlinear coef-
ficient, according to the untreated material parameters [108]. However, the preceding
discussion of the cryogenic linear performance demonstrated that the waveguiding itself is
strongly degraded for TM-polarized light. Consequently, cryogenic operation could affect
the TM-polarized photons so significantly that TE-pumped interactions achieve higher
experimental efficiency. For this reason, a cryogenic TE-polarized type-0 interaction can
be of great interest.

Apart from the difference in measured counts, Fig.|4.9 (a) shows that all counts increase
almost linearly for increasing input power. This shows that the available pulsed input
power of about 30 uW does not induce additional photorefractive damage as this would
cause a saturation, or even reduction of the counts for high pump power. This could
indicate that the cryogenic waveguide demonstrates improved tolerance to a coupled beam
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Figure 4.9: Detected total counts from the cryogenic SPDC source for increasing the optical pump
power. (a) Total counts of signal, idler, and coincidences for an integration time of 60 s.
(b) Klyshko efficiency of signal and idler, calculated from the measured counts. The
dashed lines serve as a guide to the eye.

in the visible range when operated in pulsed rather than CW mode. However, the available
pump power was limited by the heated SFG conversion efficiency. Therefore, the cryogenic
response could not be inspected for higher optical power to examine the performance
boundaries.

Furthermore, since an increase in operation temperature could mobilize “frozen-in” charges,
it is important to note that temperature effects can be ruled out for these observations.
During the nonlinear measurements, a slight increase in the sample temperature was
observed, induced by the in-coupled, pulsed light. Nevertheless, this temperature change
was small, below 1K, compared to the waveguide temperature of (6.6 + 0.2) K when the
waveguide was kept dark. For this reason, changes in the phase-matching or waveguiding
cannot be solely based on changes in the operation temperature.

The measurement of the single and coincidence counts allows for direct calculation of the
Klyshko efficiency using Eq. (2.23), to represent the losses in the signal and idler arm. The
input-power-dependent Klyshko efficiencies for both arms are shown in Fig. 4.9 (b). The
overall efficiencies are very low, approximately 0.11 % in the signal path and 1.35 % in the
idler path. In the absence of noise counts, the Klyshko efficiency directly indicates the
losses that are present from the photon-pair generation to the detector. This is because it
represents the ratio of detected coincidences to single counts, which is the same, when
considering an ideal photon-pair source with no losses. However, in this case, the Klyshko
efficiency for the signal arm is particularly low because it is artificially reduced by the
noise counts in the idler arm. Any uncorrelated noise increases the measured single counts
while the coincidences are unchanged.

In the small pump power regime around 10 uW, a slight plateau can be recognized before the
values increase for increasing pump power. This plateau represents the region where the
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source primarily generates single photon pairs. Within this range, the Klyshko efficiency
remains stable because the probability of generating multiple pairs is negligible. As the
pump power increases beyond this range, the detected efficiencies begin to rise. This
transition indicates an increasing mean photon number, where the contribution of higher-
order photon pairs affects the measurement. However, this increased Klyshko efficiency,
measured for raised pump power, does not represent the true losses in the experimental
setup, which is why the plateau region must be considered for this estimation.

The first two measurement points are below the plateau. I assume this to be a sign of
a constant noise background that adds to the power-dependent nonlinear noise counts.
In the low pump power regime, a constant noise background is the dominant contribu-
tion. Consequently, the reduced SNR results in a decreased Klyshko value at low pump
power. In general, the overall small Klyshko efficiencies indicate either high noise, or
that a large amount of photons already gets lost inside the waveguide due to the reduced
waveguiding.

4.4.2 Joint spectral intensity measurement

In addition to the signal and idler counts, their correlated spectral properties were charac-
terized by measuring the JSI. For this, the SPDC process was pumped with the maximum
input power of 33.0 uW. The detected transmitted pump power behind the out-coupling
lens was 4.6 pW, which corresponds to 13.9 % transmission. However, this transmission at
590 nm is limited since the out-coupling end facet and the out-coupling lens possess an
AR coating for the NIR-IR wavelength range.

In order to detect the JSI, the two spectrometer setups (see Fig. 4.1/(d)) were inserted into
the signal and idler path, respectively. The angles of the two gratings were scanned step
by step while detecting the number of coincidence counts. The employed spectrometer
design requires that every wavelength interval is detected individually. Moreover, for
the low conversion efficiency, a long integration time per measurement point was nec-
essary to resolve the spectral distribution. The JSI must be fundamentally limited to the
area of the pump distribution, which is given by energy conservation. For this reason, I
adjusted the measurement code to restrict the measured array to a linear region which
covers the expected JSI distribution, to decrease the measurement time. I performed the
same measurement twice, thereby integrating for 80 s at every measurement point. Both
measurements were performed within the same cooldown cycle (cooldown 7), with a break
of one day in between. The results were very similar, indicating no significant changes due
to photorefraction during the measurement time. The total counts of both measurements
were summed up and the resulting JSI is shown in Fig. |4.10 (a).

As a comparison for the experimental result, the expected cryogenic JSI is simulated using
the theoretical effective refractive index data which was discussed in Section 2.1.3. The
simulation further includes the spectral profile of the pump beam, the fabricated poling
period, the resolution of the spectrometers, and the effective length over which all three
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Figure 4.10: Joint spectral intensity of the signal and idler photons from the cryogenic SPDC source.
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(a) Measured total coincidence counts, summarized for two individual measurements
with an integration time of 80s each. The measurement range was restricted to
cover a linear section around the pump distribution function. No data was recorded
within the gray area. (b) Simulated JSI for the design parameters (effective length of
22.9 mm, poling period of 9.64 pm). (c) Optimized JSI simulation (effective length of
(3.8 £ 0.3) mm, poling period of (9.654 + 0.002) um).
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Table 4.2: Overview of the central signal and idler wavelengths. The values are obtained from a
Gaussian fit that was applied to the projection of the JSI on the x- and y-axis, respectively.
The experimental values are taken from the JSI shown in Fig. 4.10 (a). Simulation 1 is
performed using the design parameters, presented in Fig. 4.10 (b). Simulation 2 considers
optimization of the effective length and the poling period to fit the experiment, as shown
in Fig. 4.10 (c).

Parameter Experiment Simulation 1 Simulation 2
Signal Wavelength [nm] 1560.4 = 0.3 1552.31 + 0.04 1560.44 + 0.04
Idler Wavelength [nm] 948.6 £ 0.2 951.78 = 0.02 948.75 £ 0.02

fields interact. To account for the spectrometer resolution, the simulation is first performed
with higher resolution than the measurement. This simulated JSI is then convolved with
the Gaussian transmission profile of each spectrometer along the two axes, respectively.
The spectrometer bandwidths of AA; = (0.92 + 0.01) nm and A4 = (0.52 + 0.03) nm
are in the same order of magnitude as the measurement step size §4s = 0.8nm and
dAi = 0.4nm. This results in an artificial broadening of the JSI along both axes during
the measurement. A comparison of the simulation with the measured data thus requires
taking the spectrometer transmission bandwidths into account. After the simulated data is
convolved with the spectrometer profile, the JSI is finally down-sampled to display the
result with the measurement’s resolution.

In the first simulation, all parameters are kept fixed to the design. The poling period is set
to 9.64 um and the effective length is equal to the full waveguide length of 22.9 mm. The
first simulation is shown in Fig. 4.10/(b). In comparison to the measurement result, this
approach yields a JSI for which the center wavelengths are slightly shifted and the signal
and idler bandwidths are more narrow band. The central wavelengths are presented in
Table 4.2, The offset can be explained either by a slight variation between the extrapolated
refractive indices and the experimental ones, or by small fabrication uncertainties in
the waveguide dimensions, or poling period. Nevertheless, since the total shift is only
within a few nanometers (approximately 8 nm and 3 nm in the signal and idler wavelength,
respectively), this shows that the extrapolated refractive indices describe the process
already very well and no significant correction is required for TM polarization.

The difference in spectral signal and idler bandwidth results from deviations in the band-
width of the phase-matching function. The effective length determines the phase-matching
width and thus affects the broadening of the JSI along the axis of the pump distribution
function. When assuming an effective conversion process over the full waveguide length,
this corresponds to a narrow phase-matching bandwidth, i.e., a more confined JSI. The
measurement shows that the experimental JSI is further extended and thus the effective
length must be significantly reduced.

To account for this experimental discrepancy, in the next step, a second simulation is
performed using an optimization algorithm. This time, variations in the effective length
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and the poling period are allowed so that the deviation of the simulated JSI and our
measured distribution is actively minimized. This optimization provides an estimation for
the experimental effective length. Furthermore, the simulation allows a slight deviation of
the poling period, to let both JSIs overlap at the same central wavelengths. This is required
to get a more accurate result for the effective length. Fig. 4.10/(c) displays the optimized
simulation and the central wavelengths are included in Table 4.2.

According to this optimization, the effective length of the waveguide is (3.8 + 0.3) mm,
corresponding to about 16.6 % of the designed waveguide length which was periodically
poled during fabrication. The short effective length clearly reflects the limited cryogenic
waveguide performance, as it was also evident in the linear waveguide characterization.
Nonetheless, the optimized poling period is (9.654 + 0.002) um, which deviates by only
0.15 % from the designed period of 9.64 um. This is therefore within the fabrication imper-
fections. Consequently, the minimal deviation of the poling period verifies the accuracy
of the theoretical model and that it allows to reliably achieve phase-matching for the
designed wavelength combination. In consistency with the preceding measurements for
the cryogenic SFG, the results for the SPDC experiments verify that the designed NLO
process can be experimentally realized. It is evident, however, that the achievable efficiency
is limited at cryogenic temperatures. Notwithstanding these difficulties, it was shown that
the proposed phase-matching can be realized within small tolerances.

4.5 Chapter conclusion

This chapter addressed the second research question of this thesis: How does cryogenic oper-
ation affect the Ti:PPLN platform? To evaluate the temperature-dependent effects that alter
the waveguide performance at cryogenic conditions, the phase-matching was restricted
to TM-polarized modes and visible pump light was employed. The same phase-matched
process was first characterized when actively heated and afterwards at 6 K. As expected,
the heated waveguides performed well; the transmitted spatial modes showed a clear
profile. Coupling to the cryogenic waveguides was more demanding. The conducted exper-
iments demonstrate the necessity of clearly separating the effects of cryogenic operation
on the two orthogonal polarizations. While the TE-polarized modes were collimated, the
TM-polarized beam could either not be coupled to a waveguide at all, or it was transmitted
with low intensity. During one cooldown, in which waveguiding for TM polarization
could be verified, the transmitted power was investigated for five waveguides. The cryo-
genic combined waveguide efficiency at a wavelength of 1556 nm was approximately 63 %
for TE-polarized light and only about 18 % for TM-polarized light. The same trend was
observed for a wavelength of 950 nm, with an efficiency of approximately 37 % for TE
polarization and 10 % for TM polarization. These data indicate significant differences in
cryogenic waveguiding for the two polarizations.

The internal waveguide losses were found to increase under cryogenic conditions. While
the spatial mode sizes did not differ (indicating consistent coupling efficiency), the contrast
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of the wavelength scans decreased from RT to CT (indicating higher losses). Unfortunately,
the AR coating on one end facet prohibited the quantitative analysis of the waveguide losses.
Only qualitative conclusions can be drawn here. At cryogenic temperatures, substrate
modes were observed together with the TM-polarized modes. These observations support
the assumption of substantially increased losses, as the light was not properly confined
anymore within the waveguide region. This scattering into the substrate was much more
visible for TM polarization, which matches the expectations since the emerging electric
fields are mainly aligned parallel to this polarization.

The SFG spectrum was observed in two consecutive cooldowns, which showed that the
spectral shape is subject to change between different cycles, but also within the same
cooldown. This demonstrates that the phase-matching is affected by the complex interplay
of increased charge carrier density and severely restricted charge mobility, affecting the
extent of both pyroelectricity and photorefraction. This combination acts as a performance
limit, which, due to the specific orientation of the induced fields, particularly constrains the
feasibility of TM-polarized waveguiding. This raises the question, whether pyroelectricity
or photorefraction is the dominant effect that limits cryogenic operation of Ti:PPLN. From
the presented data, it is not possible to isolate the distinct roles of both effects. Therefore,
this question is addressed in Section 5.1.

The SPDC characterization was consistent with the preceding measurements. The Klyshko
efficiency was limited to approximately 0.11 % and 1.35 %, which indicates that a large pro-
portion of the generated photons was lost within the waveguide already. The measurement
of the JSI allowed to perform an estimation of the effective length, which corresponds
to only 16.6 % of the total waveguide length. This supports once more the conclusion
that there is a varying effective refractive index along the waveguide. Nevertheless, both
nonlinear experiments, the SFG and SPDC, verified that the designed phase-matching point
could be realized with good accuracy. Despite the compromised efficiency, the fundamental
operation of the intended phase-matched process was verified experimentally.

The central outcome of this chapter is that the TM-polarized phase-matched process demon-
strates high susceptibility to the photorefractive and pyroelectric effect. The cryogenic
operation strongly affected the TM-polarized light and caused slight, but unpredictable
variations in the linear waveguiding and nonlinear response. The extent of the increase
in waveguide losses was not consistent during repeated cooldowns. This means that the
“freeze in” of pyroelectric charges can be considered a probabilistic process. Not every
cooldown cycle produces identical charge distributions, which explains why TM-polarized
photons experience variable propagation losses. Furthermore, it cannot be ruled out that
pyroelectric charge accumulation is a cumulative process, so that the charges do not fully
recover when the sample is warmed up to room temperature. Nevertheless, I did not see a
consistent evolution of the coupling getting worse with the repeated cooldowns. Instead,
some cooldowns enabled proper coupling while others did not, but no chronological trend
was recognizable. To evaluate the reproducibility of cryogenic performance metrics in
detail, Section 5.2 comprises a study of 15 waveguides that were subjected to six thermal
cycles.
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Future investigations could further involve cryogenic phase-matching of a TE-polarized
type-0 interaction, applying pulsed cryogenic operation only, and enhanced filtering of
the SPDC photons to prevent the detection of photons from additional phase-matching.
Unfortunately, the origin of the noise counts in the idler arm could not be identified. If
this experiment is repeated in future studies, the signal and idler arm should be spectrally
filtered closely around the detected JSI. Additionally, a polarization filter should be placed
behind the waveguide to test if all generated photons are TM-polarized. Moreover, a
comparison of the cryogenic nonlinear performance to room temperature operation could
be of interest. However, for a fixed poling period, the phase-matched wavelengths for this
NLO process shift significantly during the cooldown. According to the simulation, the
central signal and idler wavelengths for the characterized waveguide shift to approximately
1700 nm and 900 nm at room temperature. Therefore, a like-for-like comparison at room
temperature of the same waveguide and the same combination of pump laser and SFG
frequency is not directly possible.
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Cryogenic nonlinear optics:

what does it teach us?

The preceding chapters were primarily motivated by the implementation of specific SPDC
processes within the Ti:PPLN waveguide platform at cryogenic temperatures. Following
initial proof-of-principle experiments, these interactions were tailored to realize both
degenerate and widely non-degenerate photon pair generation. Throughout this exper-
imental journey, however, both pyroelectricity and photorefraction were found to have
a significant impact on the waveguide performance. A more systematic investigation of
these effects is necessary to provide the foundation required to answer the third main
research question: What do our observations teach us about the viability of cryogenic lithium
niobate?

This final chapter addresses these effects through two primary research studies. First,
Section 5.1 provides a thorough analysis of the physical properties of the titanium in-
diffused lithium niobate platform under cryogenic conditions. By isolating the pyroelectric
effects induced during thermal transitions and characterizing the photorefractive response
at low temperatures, this section establishes a detailed understanding of the platform’s
electro-optic behavior. Furthermore, it introduces an experimental technique for the precise
determination of cryogenic effective refractive indices, resulting in a modified Sellmeier
equation tailored to the specific waveguides.

Building upon this physical foundation, the second study in Section 5.2 evaluates the prac-
tical viability of the Ti:PPLN platform for cryogenic integrated optics. This is addressed
through a comprehensive measurement series involving 15 waveguides across six cooling
cycles. By organizing these waveguides into distinct experimental groups, the study inves-
tigates how different conditions influence long-term performance and reliability. Finally,
this chapter reviews these observations to define the operational parameters under which
cryogenic lithium niobate can be utilized for future quantum optical applications.

The mystery of sample LB42az

As a brief introduction to this final chapter, I wish to share a specific narrative from the
laboratory involving the Ti:PPLN sample labeled LB42az. In science, we often seek the
“Eureka!” moment; however, unexpected results typically provide more insight than the
validation of a theory. This thought is famously captured by Isaac Asimov:

“The most exciting phrase to hear in science, the one that heralds new discoveries,
is not Eureka!’ but ‘That’s funny...’”

95



5 Cryogenic nonlinear optics: what does it teach us?

The behavior of LB42az serves as a perfect example of these “funny”, unpredictable varia-
tions observed when characterizing individual waveguide chips across multiple thermal
cycles. These observations served as a primary motivation for the deeper investigation
into pyroelectric and photorefractive damage presented in this chapter, as we sought to
understand the hidden mechanisms driving such inconsistent performance.’

The characterization of LB42az began with high expectations; at room temperature, the
sample exhibited clean mode profiles and SHG phase-matching spectra that closely fol-
lowed the expected sinc? shape. However, upon cooling to cryogenic temperatures, the
behavior changed significantly. The CT modes displayed dominant, symmetric scattering
into the substrate - a phenomenon specifically isolated to the periodically poled wave-
guides. Although, at this time, early mode images were captured under over-saturated
conditions, they clearly demonstrated this persistent scattering. The subsequent CT SHG
measurements yielded no measurable signal. This result remained consistent during a
second cooldown a month later, with the modes remaining scattered and the cryogenic
SHG signal undetected.

The observations shifted during a third cooldown six months later. In this instance, CT SHG
was functional, with waveguides near the chip’s edge exhibiting higher brightness and
cleaner spectral shapes than those toward the center. This behavior stands in contrast to
typical observations at room temperature. Usually, waveguides near the substrate edge are
more susceptible to inhomogeneities in the photoresist. In the center, however, the more
uniform resist thickness typically results in superior waveguide performance. Despite this,
a waveguide in the outermost periodically poled group (WG 5-2) yielded a cryogenic phase-
matching spectrum that closely followed the theoretical model. This stability allowed for
the measurement of cryogenic SPDC, achieving a Klyshko efficiency of 19 %. Notably, the
SHG spectrum remained unchanged following the SPDC measurements, suggesting an
absence of photorefractive damage. Moreover, subsequent RT measurements confirmed
that the sample had returned to its initial performance level.

However, this state was not maintained in a final cooldown one month later. During this
cycle, the Klyshko efficiency reached only 1%. While the spectral shape of WG 5-2 was
only slightly distorted compared to the previous cycle, the waveguides toward the center
of the chip again exhibited significant deviations from the sinc? profile. This unsteady
performance across different cooling cycles highlights the lack of reproducibility in these
early trials and underscores the necessity for the systematic studies that follow.

LA full presentation of the data from these various cooldown cycles is omitted here for brevity, as the primary
aim of this narrative is to illustrate the inherent lack of reproducibility in early cryogenic trials.
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5.1 Deeper insights into the cryogenic performance of
lithium niobate

At a glance

This section presents a systematic investigation into how cryogenic operation influ-
ences the performance of the titanium in-diffused lithium niobate platform, including
both optical and electrical properties. To begin, Section 5.1.1 examines the independent
effects of pyroelectricity induced by thermal transitions during the cooling and warm-
ing cycles. Subsequently, the study in Section 5.1.2/focuses on the photorefractive effect
under cryogenic conditions. Furthermore, Section 5.1.3|details an experimental method
for determining the cryogenic effective refractive indices, which enables the deriva-
tion of a modified Sellmeier equation specifically for the investigated waveguides.
Collectively, the studies presented here provide a comprehensive understanding of
the interplay between the optical and electrical properties of lithium niobate at low
temperatures.

5.1.1 Pyroelectric charge accumulation during the cooldown process

To provide context for the subsequent discussion, it is useful to briefly review the underlying
pyroelectric mechanisms in lithium niobate. The material’s pyroelectric properties cause
a temperature-dependent shift in spontaneous polarization [172]. A cooldown to
cryogenic temperatures thus results in a change in polarization strength, which manifests
itself in the form of unscreened bound charges. For z-cut lithium niobate, the strong
polarization causes charge carriers to accumulate on the top and bottom surface of the
waveguide chip. This results in localized electric fields which are aligned in the z-direction,
i.e., parallel to the crystal axis. Since the in-diffused waveguides are close to the top surface,
the electric fields disturb the refractive index profile due to the electro-optic effect.

Declaration

The experimental results discussed in this section were obtained as part of a collaborative
study published in Materials for Quantum Technology in Ref. [154]. While the primary
measurements and analysis were carried out by F. Thiele and T. Hummel, I was actively
involved in the scientific interpretation of the data and the preparation of the manuscript.
A summary of these findings is included here for the sake of completeness, as these results
are essential for evaluating the overall performance of cryogenic lithium niobate in terms
of its pyroelectric properties. For the technical details and comprehensive analysis, the
reader is referred to the original publication [[154].

The pyroelectric influences on the Ti:LN platform were characterized with a simultaneous
measurement of alterations in the electrical and optical properties during the thermal
transition. The generation of pyroelectric charges was inspected by measuring the electrical

97



5 Cryogenic nonlinear optics: what does it teach us?

1550 nm
Power
CW Laser PBS  Meter

L I

Free-Space
Coupled Cryostat

Figure 5.1: Experimental setup to investigate the alterations in the optical and electrical signal from
the waveguide during the thermal transition. Changes in the optical signal are deduced
from the intensities measured in the output paths of the PBS. In order to measure
variations in the electrical signal, the waveguide is equipped with two electrodes. The
current is measured with an ampere meter outside the cryostat. HWP/QWP: half-
/quarter-wave plate, L: aspheric lens, Ti:LN: titanium in-diffused waveguide in lithium
niobate, PBS: polarizing beam splitter.

charge flow through the waveguide. For this, the waveguide under test was fabricated with
two electrodes on the top. The electrodes are aligned along the waveguide, whereas one
electrode overlaps with the waveguide area while the second one is placed at a distance of
9 um next to it. This configuration mainly detects the vertical electrical field components
within the waveguide. The pyroelectric charges are expected to move primarily along this
direction, based on the orientation of the spontaneous polarization. The electrodes on the
waveguide surface can collect these charges which results in a macroscopic, measurable
current.

Variations in the optical properties were detected using the Sénarmont method, which
measures the birefringence between the TE- and TM-polarized waveguide modes [[152]).
Based on their different effective refractive indices, both polarizations collect an unequal
phase when propagating through the waveguide. This phase difference continuously
changes during a thermal transition from RT to CT as the refractive indices possess
a temperature dependence. Moreover, localized refractive index alterations induced by
pyroelectric charges lead to additional phase shifts that overlap with the steady trend.
The relative phase between the orthogonally polarized modes can be deduced from the
transmitted light by interfering both polarizations [|154].

Fig. 5.1 shows the employed experimental setup. The waveguide is mounted in the free-
space coupled cryostat and pumped by a CW laser beam at a wavelength of 1550 nm and
optical power of 2.2 mW. The input polarization is set to 45° using a HWP. Consequently,
the beam is coupled to both the TE- and TM-polarized waveguide modes. The electrodes
are wire bonded and connected to a break-out board, which enables measurement of the
current with a RT ampere meter, providing sub-picoampere sensitivity. The transmitted
polarizations are interfered using a quarter-wave plate and a PBS. The intensities of the
output ports of the PBS are directly related to the phase difference between the TE- and TM-
polarized modes [[154]. The optical phase shifts in the transmitted beam are thus analyzed
by detecting the optical power in both output ports using two power meters. The measured
intensities are normalized, by the sum of both outputs, which ensures that the measurement
result is independent of the coupling efficiency. This is crucial, as thermal drifts within the

98



5 Cryogenic nonlinear optics: what does it teach us?

experimental setup during temperature cycles necessitate frequent realignment, which is
incompatible with maintaining a stable coupling efficiency.

The waveguide was cooled down from RT to 25K (due to heat load constraints of the
cryostat) and warmed up again, while continuously recording the temperature, optical
output, and generated pyroelectric current. Analysis of the data identified “discontinuities”
in both signals: abrupt changes in the otherwise slowly varying optical phase and spikes
in the electrical current. These discontinuities were classified as either purely optical,
purely electrical, or correlated if they occurred within a 6 s time window. Across the
entire temperature range, clear correlations between pyroelectric current spikes and
sudden changes in the birefringence were observed. This confirmed that temperature-
induced pyroelectric effects strongly disturb both the electrical and optical behavior of the
waveguide. Since the pyroelectric fields modulate the refractive indices via the electro-optic
effect, the guided modes are subject to abrupt phase jumps.

To compare the frequency of each discontinuity type across different temperature ranges,
separate histograms were generated for the cooldown and warmup, representing the num-
ber of events within temperature intervals of 30K (see Fig. 5 in Ref. [[154])). During the
cooldown, the majority of pyroelectric discharges and associated optical discontinuities
appeared within the central temperature range of 195K down to 115K, with electrical
events dominating in this interval. Below approximately 100K, the frequency of both
electrical and optical perturbations dropped significantly, indicating a vanishing influence
of pyroelectricity in the low temperature regime. A similar behavior was observed for the
warmup: as the waveguide is heated, the charge mobility and the pyroelectric coefficient in-
crease again [184], leading to renewed discharges and correlated optical perturbations
above approximately 100 K. For higher temperatures, the number of discontinuities steadily
increased during the complete warmup procedure. In order to separate the implications
of the pyroelectric effect from photorefractive impacts, the cooldown and warmup were
repeated without coupling any light through the waveguide, while recording the electrical
current from the sample. A comparable number of discontinuities in the electrical signal
was observed. This indicates that the low optical pump power of 2.2 mW did not induce
significant photorefractive material alterations in the prior measurement.

From the data sets, it can be concluded that a substantial amount of pyroelectric charges is
generated by the thermal transition during the cooldown. These charges accumulate within
the substrate until the charge density reaches a critical threshold and the charges recombine
in an abrupt discharge. The reduced pyroelectric coefficient and low charge carrier mobility
at cryogenic temperatures are expected to result in a decreased generation probability of
pyroelectric charges and an increased threshold required for their recombination. This is
consistent with the observation that the frequency of discontinuities decreases considerably
for temperatures below approximately 100 K.

These results may lead to the practical conclusion that the Ti:LN platform offers reliable
cryogenic operation at stable temperatures, provided that only pyroelectric influences
are considered. However, the reduced frequency of detected discharges in the cryogenic
regime does not necessarily imply a decrease in the magnitude of the pyroelectric fields.
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Instead, a lower discharge rate suggests that accumulated charges are likely “frozen in”,
resulting in a persistent and potentially inhomogeneous charge distribution following the
completion of the cooldown cycle.

5.1.2 Photorefractive damage induced at cryogenic temperatures

In practice, the cryogenic efficiency of waveguiding and frequency conversion is governed
by a complex interplay between the pyroelectric effects and photorefraction. This section
focuses on the independent influence of photorefraction, which is achieved by performing
all measurements at a stable temperature of approximately 7K. As the reduced charge
carrier mobility makes discharges unlikely below 100 K [[154]], operation at 7K minimizes
the contribution of pyroelectric charge generation. The cooling rate of the cryostat was
strictly limited to 1K/min to give the accumulated charges more time to discharge before
their mobility vanishes. Even with controlled cooling, residual charges remain once the
sample is thermally stabilized at CT. This means that the cryogenic waveguides are initially
affected by pyroelectricity. However, here, a measurement technique is introduced which
aims to mobilize all types of “frozen-in” charges, whether they originated from thermal
transitions or optical exposure. Because the fundamental material changes induced by both
pyroelectricity and photorefraction are traced back to non-uniform charge distributions, the
specific source of these charges does not impact the significance of the applied method.

While photorefractive damage is commonly mitigated by operating waveguides at elevated
temperatures (typically between 100 °C and 200 °C), this approach is obviously not viable
in cryogenic environments. Given that the threshold for acceptable optical power increases
substantially with temperature, this threshold is significantly lowered under cryogenic
conditions.Because of the diminished charge carrier mobility, the “frozen-in” distribution
of de-localized charges is expected to remain static unless external energy is supplied to
re-mobilize the charges. Rather than relying on thermal energy, this energy can also be
supplied optically by introducing an auxiliary laser beam into the system.

Declaration

The results discussed in this section are published in collaboration with the IQO group in
the Journal of Applied Physics in Ref. [[185]]. The underlying study examines the influence
of photorefractive effects on the spectral profile of an SFG phase-matching function.
Within this work, two separate waveguides were characterized: one operated at elevated
temperatures and the other one operated cryogenically. The measurements at elevated
temperatures were conducted by R. Pollmann. These verified that thermal stabilization
at temperatures up to 200 °C can mitigate power-induced spectral alterations [[185]]. I
performed the cryogenic measurements discussed herein, including the experimental
design, data acquisition, and analysis. This low-temperature investigation focuses on
assessing the potential of an auxiliary green laser beam for enhancing the charge carrier
mobility.
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The experimental approach explored in this section adapts the “optical cleaning” method
that was first introduced by Kosters et al. [187]. They exposed the surface of a lithium
niobate waveguide with a moving, green light beam while heating the sample to moderate
temperatures. This beam enabled pushing photoexcitable electrons, along the crystalline
c-axis, out of the illuminated region. While the energy of green photons is significantly less
than the band gap energy, recent experiments on conductive domain walls also indicate
that green light can result in increased charge carrier density or mobility [188]]. The green
wavelength fits well to the known energy level of the bi-polaron in lithium niobate, which
can be excited with the green laser light and broken into the more mobile free and bound

polaron states [[162} [189].

To mitigate photorefractive effects in lithium niobate waveguides, Kirsch et al. adapted
this technique by co-coupling an auxiliary green laser beam alongside the primary NLO
pump light. This approach enabled Kirsch et al. to demonstrate both in-situ photorefractive
curing at room temperature and post-exposure recovery after photorefractive damage had
occurred. Notably, their experimental approach successfully mobilized de-localized charges
without the need for additional heating. Here, l implemented this optical mitigation strategy
within a cryogenic environment to evaluate its influence on the “freeze-in” effect.

To systematically evaluate cryogenic photorefraction and validate the proposed method
for active carrier mobilization, I employed the widely non-degenerate NLO process that
was previously described in Chapter 4. This phase-matched process is highly sensitive
to pyroelectric and photorefractive perturbations since all fields are TM-polarized and
one of the interacting wavelengths is in the visible range. In this section, CW-driven
SFG is performed in the cryogenic waveguide, while the spectral shape and peak power
of the phase-matching spectrum are evaluated. The phase-matching point differs only
slightly from the process characterized in Chapter |4, Here, two CW lasers at a wavelength
of approximately 1570 nm and 960 nm are combined to generate an SFG beam centered
around 595 nm.

Fig. 5.2|illustrates the experimental setup to characterize the influence of photorefraction.
This setup remains nearly identical to the configuration previously depicted in Fig. 4.1/ (b),
with two key modifications. The heated crystal oven is substituted by the free-space
coupled cryostat, and a green auxiliary laser is integrated into the setup to examine the
charge carrier re-mobilization. The green laser beam originates from a laser diode with
an optical power of 1mW and a wavelength of 532 nm. The tunable CW telecom laser is
set to a fixed wavelength of 1570 nm and combined with the tunable CW NIR laser that is
scanned around 960 nm.

The characterization of the cryogenic waveguide was carried out in four distinct stages:

1. Initially, the cryogenic phase-matching spectrum was measured, presenting a perturbed
shape due to “frozen-in” charges. To evaluate the long-term stability of the existing
charge distribution, the waveguide was kept at constant temperature of 7K without
illumination for one week, before the spectrum was measured again.
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Figure 5.2: Experimental setup to study the photorefractive effect in the cryogenic waveguide.
The SFG process is pumped with two CW lasers, while an auxiliary green laser beam
is introduced to evaluate its influence on “frozen-in” charge carriers. HWP: half-wave
plate, DM: dichroic mirror, L: aspheric lens, BPF: band-pass filter.

2. Next, the green laser was activated while continuously monitoring the phase-matching
spectrum. This procedure was performed to determine whether the green illumination
can mobilize the charges and induce detectable changes in the phase-matching profile.

3. Subsequently, the green laser was deactivated, and the SFG pump power was increased
incrementally. At each power level, I recorded the phase-matching spectrum and the
generated peak power to isolate the variations induced solely by high pump power.
This series of measurements was designed to identify the onset of photorefractive
damage to the waveguide’s nonlinear properties.

4. Finally, the green laser was re-introduced to assess its ability to mitigate the photore-
fractive perturbations induced by the high-power pump. While maintaining constant
green illumination, I recorded the phase-matching spectrum at regular intervals to
track its development over time and identify any recovery processes.

All SFG experiments were performed in the same waveguide at 7K. In the first experiment,
the input power of the telecom laser was set to (24.4 + 0.8) mW, measured in front of
the in-coupling lens. The pump power of the second laser was set to a similar level of
(23.6 £ 0.8) mW. The cryogenically measured phase-matching spectrum is shown in
Fig.|5.3/(a). The spectral shape exhibits initial distortions, as it deviates significantly from
a sinc? profile. This distortion is attributed to the combined effects of pyroelectric charge
build-up during the cooldown and photorefractive damage due to excessive optical pump
power.

To test the temporal stability of the disturbed spectrum, the waveguide was subsequently
kept at constant temperature with no in-coupled light for one week. Afterwards, I repeated
the measurement, but this time using lower input power values. The photorefractive
damage is expected to be primarily induced by the higher energy pump laser in the NIR
and the generated SFG signal in the visible range. Therefore, from now on, the power of
the NIR laser was reduced strongly to (1.80 + 0.06) mW to avoid additional photorefractive
damage, induced by the measurement itself. The power of the telecom laser was kept
constant at (20.0+0.6) mW. The spectrum measured with these input power values exhibits
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Figure 5.3: Normalized SFG spectra of the cryogenic waveguide. (a) The waveguide shows an
initially perturbed spectrum. This spectral shape does not change after one week,
indicating that the charges are not moving under cryogenic conditions. (b) When the
light from a green laser diode is coupled to the waveguide, the spectrum changes. The
dark blue data points correspond to the same measurement as shown in (a), when the
green light is still turned off.

no significant changes compared to the measurement one week prior (see Fig.|5.3/(a)). This
suggests that, in the absence of sufficient thermal or optical energy, the dislocated charges
remain immobilized under cryogenic conditions for at least one week.

Optical cleaning approach

To explore the possibility of actively mobilizing the “frozen-in” charges, in the second
experiment, the pump power values were kept at the low level, while additionally activating
the green laser. I measured the phase-matching spectrum repeatedly at regular intervals.
Fig. 5.3 (b) shows the induced changes after waiting for 7 min and 12 min. Remarkably, the
spectral shape began to evolve within a few minutes, after it remained unchanged for one
week when no light was coupled. After only 7 min of auxiliary laser exposure, the spectrum
approached the expected sinc® shape with less pronounced side lobes. Additionally, the
wavelength that yields maximum SFG power experienced a blue shift.

Following 12 min of illumination, the maximum generated power increased significantly
from (0.25 £ 0.01) uW to (1.87 + 0.06) pW and the shape of the phase-matching spectrum
was close to the ideal shape. These findings indicate that sufficient optical energy can
mobilize trapped charge carriers even at cryogenic temperatures. This enables the carriers
to recombine or migrate to new lattice positions, thereby allowing for modification of the
phase-matching characteristics.

In the third measurement series, the green laser was switched off and I investigated the
impact of incrementally increasing the pump power on the phase-matching. Fig.|5.4 (a)
displays the dependence of the SFG peak power on the NIR pump power. At first, the
SFG peak power increases linearly, as expected for the low pump power regime without
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Figure 5.4: An increase in the NIR pump power leads to photorefractive disturbances in the
nonlinear waveguide response. Any initial damage was compensated before employing
the green illumination (see Fig. 5.3). (a) The pump power is gradually increased. The SFG
peak power first increases and then drops again. (b) - (e) Individual spectra measured
for different pump powers. Increased power results in broadening of the spectrum and
the evolution of side peaks.

inducing photorefractive damage. However, when the pump power exceeds approximately
15 mW, the slope reaches a maximum before the generated power begins to decrease.
This effect can be explained by photorefraction rather than pump-depletion or saturation,
because the generated power (12 pW) is much lower than the provided power at either
the telecom (20 mW) or NIR pump wavelength (15 mW). This assumption is supported by
the observation of increasing distortions in the phase-matching spectrum. The individual
spectra at lower pump power (see Fig.|5.4/(b), (c)) exhibit a single and well-defined peak at a
consistent central wavelength. Spectra recorded at higher pump power (see Fig. 5.4 (d), (e))
show a shift toward shorter wavelengths and the emergence of side peaks. The amount
of distortion clearly grows as the pump power is increased. These results indicate that
the cryogenic waveguide exhibits an evident threshold for optical power. Specifically,
this threshold was observed for the combination of an input pump power of 18 mW at
approximately 964 nm and a generated SFG power of about 14 pyW around 595 nm.

After photorefractive damage was induced using excessive pump power levels, this damage
was partly mitigated again by repeating the simultaneous coupling of the green laser.
Here, the input power of the NIR laser was reduced again to 1.8 mW, before the green
laser was re-activated and the phase-matching spectrum was monitored over time. The
temporal changes in SFG peak power are shown in Fig. 5.5 (a). The data demonstrates
an increase in SFG peak power. Simultaneously, the individual spectra in Fig. 5.5 (b) - (e)
verify the disappearance of the previously formed side peaks. These variations seem to
slowly saturate after about 19 min. After this time, a notable improvement of the nonlinear
response is visible. However, in comparison to the first application of green light, the
phase-matching spectrum did not fully recover. The SFG peak power did not reach the
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Figure 5.5: Repeating the simultaneous coupling of the green laser partially mitigates the photore-
fractive damage previously caused by high optical power (see Fig. 5.4). (a) Keeping the
green light activated for about 19 min results in an increase of the SFG peak power. (b)
SFG spectrum measured before the green light was turned on. (c) - (e) Individual spectra
measured over time after activating the green laser, demonstrating an improvement in
spectral shape.

same level as before and this time, the central peak shifts to even shorter wavelengths. This
partial recovery suggests that while green illumination can relax a significant portion of
the photorefractive damage, some residual effects persist after repeated cycles of damage
and healing.

Moreover, a consistent blue shift was observed throughout the measurements. It has been
shown before that photorefractive damage can result in a blue shift of the phase-matched
wavelength [[153]]. However, the observed blue shift did not only occur for the experiment,
where the pump power was increased (which was meant to induce photorefraction), but also
for the first green light application (which was meant to relax the damage). Specifically, the
maximum SFG power initially occurred for a pump wavelength of (964.16 + 0.02) nm. The
wavelength then shifted to (963.84+0.02) nm during the first green light exposure, changed
to (963.38+0.02) nm when increasing the power, and finally remained almost unchanged at
(963.48 +0.02) nm during the repeated green light coupling. These observations imply that
the photorefractive perturbations in the cryogenic waveguide are only partially reversible.
Although the coupling of the green laser increased the generated SFG power and enhanced
the spectral shape, the blue shift indicates that the charge carrier distribution and refractive
index changes did not fully recover to their initial states.
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Assessment of photorefractive mitigation

The dislocated charges at cryogenic temperatures remain immobilized for at least one week
if no thermal or optical energy is supplied. However, sufficient optical energy can mobilize
these charges even under cryogenic conditions. The cryogenic investigation confirmed
that auxiliary green illumination actively interacts with the “frozen-in” charge distribution.
This was evidenced by the clear modifications observed in the phase-matching spectra.
However, while the green laser succeeded in mobilizing charge carriers and thus partially
relaxing the photorefractive damage, some residual effects remain. The observed blue
shift suggests that the currently used green laser diode does not allow to fully reverse the
photorefractive damage at cryogenic temperatures. The phase-matching spectrum did not
fully recover to its prior state after repeating the green illumination.

Building on these results, future work should focus on optimizing the presented mitigation
protocol. Potential refinements include modification of the auxiliary laser beam parameters
- such as implementing pulsed operation, exploring alternative wavelengths, or precisely
calibrating the required optical power and exposure duration. Furthermore, a comprehen-
sive theoretical study of the cryogenic material parameters and the exact energy levels of
the polarons can support optimization of the auxiliary light properties.

Beyond optical methods, the relaxation of trapped charge carriers could be further enhanced
through the controlled application of external electric fields or the integration of conductive
coatings on the waveguide surface. Combining different approaches could lead to a routine,
in-situ “healing procedure” capable of maintaining the device performance over extended
operational periods. Successfully managing photorefraction in cryogenic lithium niobate
waveguides would clearly expand the potential of this versatile platform for advanced
quantum photonic applications.

5.1.3 Experimental refractive index determination using type-0 SFG

Accurate description of the cryogenic Ti:PPLN waveguides demands knowledge about
the effective refractive indices, as the transition from RT to cryogenic conditions induces
a strong shift. As described in Section 2.1.3, the empirical refractive index data for bulk
lithium niobate can be found in Refs. [[159] and [[160], for the ordinary and extraordinary
refractive indices, respectively. This data was obtained from measurements performed
at RT and above. The cryogenic extrapolation of these curves builds the foundation for
RSoft simulations, which provide an approximation for the effective refractive indices for
a specific waveguide geometry. This extrapolation inherently introduces an uncertainty.
This could be seen clearly from a deviation in the cryogenically phase-matched SHG
wavelength of a type-II process (see Section 2.1.3). The characterization of type-II phase-
matching enables the derivation of an empirical correction term. However, this correction is
applicable only to a specific linear combination of the interacting refractive indices, which
encompasses both TE- and TM-polarized modes. For this reason, type-II phase-matching
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cannot be employed to determine the separate effective refractive indices for the individual
polarizations.

In contrast, a type-0 phase-matched NLO process, which is fundamentally limited to a
single polarization, represents a valuable tool to experimentally identify the refractive index
data for this polarization. In this section, an empirical technique is presented, which allows
to characterize the dispersion of the cryogenic waveguides. This approach is based on the
methods presented in Refs. and [[192]], where experimentally measured phase-matched
wavelength combinations were fitted with a Sellmeier equation to improve the accuracy of
the Sellmeier coefficients. Both works characterize a type-0 quasi-phase-matched process;
first, in an optical parametric oscillator in an MgO-doped lithium niobate crystal [191]),
and second, for an SPDC process in a KTP crystal [[192]]. Here, integrated type-0 widely
non-degenerate SFG is employed in the Ti:PPLN platform, which was detailed before in
Chapter 4.

The refractive index determination takes into account that the three interacting fields
of pump, signal, and idler obey energy and momentum conservation. Accordingly, the
underlying Sellmeier equation n(A) must fulfill the quasi-phase-matching condition

n(Ap) n(k) n(k) 27
Ak = - - +—=0, 5.1
OMTIN A A T A G
for the corresponding wavelengths A and the poling period A. Based on energy conserva-
tion, the measurement of two phase-matched wavelengths (A5 and 4;) allows to calculate

the third one
1 1\
A=—+—= . 5.2
) (Uai) (52)

The general shape of both Sellmeier equations for TE and TM polarization is highly similar,
with the extraordinary equation (TM) featuring one additional term. The equation for the
ordinary refractive index (TE) has the form

az + bif(T)

T~ (a5 + baf (T))2 +bsf(T) — a1, (5.3)

no(/L T)2 =a +

with the wavelength in microns and f(T) containing the temperature dependence, which
is given by
f(T) = (T - T())(T + Ty + 546) (54)
= (T — 24.5°C)(T +570.82),

with the temperature T in °C. The Sellmeier equation for the extraordinary refractive

index is described by

az +bif(T)
A% — (a3 + byf(T))?

as + by f(T) .

2 _ 2
A* — ag

Neo(A, T)? = a; + +b3f(T) — agA* + (5.6)
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The supplementary term corresponds to an additional resonance term, which only becomes
relevant if the wavelength approaches the resonance wavelength ag ~ 11.35 pm [[160]. The
experimental refractive index determination in this section concentrates on the wave-
length range from 400 nm to 1800 nm. As this considered range is far away from the
resonance wavelength ag, I approximate the term (as + by f(T))/(A* — aé) as a constant,
with A = 1.5 ym.

The empirical method presented here aims to deduce the Sellmeier equation for a specific
waveguide geometry at a fixed temperature. Therefore, the term f(T) is constant and can
be combined with the coefficients a; and b;. This allows to reduce both Sellmeier equations
(Egs. (5.3) and (5.6)) to a compact, temperature-independent form, given by

Az
no/eO(A)Z = A1 + m - A4Az . (57)
The newly defined coefficients are derived from the literature Sellmeier coefficients [[159}
160]), assuming a cryogenic temperature of T = —268 °C ~ 5K.? These literature values for
bulk lithium niobate act as initial Sellmeier coefficients, which will be optimized in a two
step process to find tailored Sellmeier equations for the cryogenic Ti:PPLN waveguides.

This optimization technique necessitates a data set of experimentally characterized phase-
matched wavelength combinations {As, A} for distinct poling periods. The characterization
is performed on the same experimental setup, as in the preceding photorefraction mea-
surements (see Fig. 5.2). Here, the only difference is that no green laser diode is employed.
The wavelength of the telecom laser (4;) is fixed and the wavelength of the NIR laser (4;)
is scanned. The idler wavelength which results in maximum SFG power is recorded and
the corresponding wavelength A, is calculated from Eq. (5.2).

Two distinct waveguide samples are characterized, which provide multiple waveguide
groups, phase-matching cryogenic type-0 SFG. The first sample possesses 7 um wide wave-
guides with poling periods for TM polarization and the waveguides of the second sample
have a width of 5pm and poling periods for TE polarization. The different waveguide
widths are attributable to the fact that the first sample was not custom made for this exper-
iment. However, this section mainly aims to present the technique, which can be applied
in future work to additional waveguide geometries. The two distinct samples enable the
derivation of one Sellmeier equation which describes the fundamental TM-polarized modes
and one for the fundamental TE-polarized modes at cryogenic conditions.

The measured phase-matched idler wavelengths in dependence of the fabricated poling
periods are shown in Fig. 5.6. The data for TM polarization was taken at a temperature
of 6.7K for the signal wavelength fixed to A; = 1570 nm; the data for TE polarization was
measured at 6.8 K with Ay = 1556.4 nm. In these measurement series each investigated

ZFor the ordinary refractive index, A; is given by A; = a1 + b3 f(T), while the extraordinary Sellmeier equation
defines this parameter as Ay = a; + b3 f(T) + (as + ba f(T))/ (A% — ag), with the approximation A = 1.5 um.
The other coefficients remain the same for both polarizations and are described by Az = az + b1f(T),
Az =a3+ bzf(T), and Aq = aq.
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(a) TM-polarized Type-0 SFG (b) TE-polarized Type-0 SFG
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Figure 5.6: Phase-matched (PM) idler wavelengths for distinct poling periods, measured for (a) TM-
polarized and (b) TE-polarized SFG. The wavelengths were obtained from the phase-
matching spectra by fitting a Gaussian function. The error bars correspond to the
FWHM. Two examples of the phase-matching spectra are shown as inset plots in (a)
and (b) to visualize strong differences in the spectral shapes.

waveguide exhibited phase-matched SFG under cryogenic conditions. However, the mea-
sured phase-matching spectra vary in their spectral shape and width. In order to determine
the central idler wavelengths, a Gaussian function was fitted to each spectrum. This fit
does not need to describe the spectral shape accurately, as the only required parameter for
the optimization is the phase-matched idler wavelength. The full widths at half maximum
(FWHM) were chosen as the uncertainties in the central wavelengths, which are displayed
as the errorbars. Note that the y-axes scale differently for Fig. 5.6/(a) and (b), due to the
variety of available poling periods for the TE-polarized process. The average FWHM is
similar for both polarizations, 0.96 nm for TM and 0.77 nm for TE. Two phase-matching
spectra are presented for each polarization as insets in Fig. 5.6 to provide examples for the
observed differences in the spectral shapes.

These data sets build the foundation for the optimization algorithm. Both polarizations are
analyzed separately, but the evaluation follows the same principle. The individual steps of
the procedure are discussed below:

1. The simulation tool RSoft is used to calculate the effective refractive indices at a
temperature of 5K for the given waveguide geometries (1, for 7 pm wide waveguides
and n, for a width of 5 um). The indices are simulated for a list of wavelength values
ranging from 400 nm to 1800 nm. These simulated effective refractive indices are
plotted over the wavelength in Fig. 5.7 (a) and (b). This broad wavelength range not
only provides coverage of the wavelengths relevant to the SFG process (approx. 590 nm
to 1570 nm), it is also chosen to improve the accuracy of the Sellmeier fit performed in
the next step. This fit yields a Sellmeier equation that can be applied to design diverse
frequency conversion processes at other wavelengths.
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2. The simulated data points are fitted with the Sellmeier equation in Eq. (5.7) to obtain
the set of coefficients {A;, Ay, A3, Ay} which describe the simulated data best. The
initial guess for this fit takes into account the coefficients for bulk lithium niobate [[159}
[160]]. Both the Sellmeier equation for the initial guess and the fitted curve to the
simulation data are shown in Fig. 5.7 (a) and (b). The simulated effective refractive
indices are slightly larger than those for the bulk crystal, which is associated with the
titanium in-diffusion that results in a refractive index increase. The determination of
this “simulated Sellmeier equation” completes the first optimization step.

3. The second step utilizes the experimental data. For every waveguide that was charac-
terized, the following parameters are compiled: {Arr, T, A, Ai, A, }. This set comprises
the fabricated room-temperature poling period Agr, the operation temperature T, and
all three phase-matched wavelengths. Here, an increased number of characterized
waveguides improves the accuracy of the optimization results.

4. The wanted Sellmeier equation n(1) must fulfill

n(dp) n() n()]™

a(T)Art = % o g

(5.8)

for each parameter set {Arr, T, 4, A, A, }. Here, it is employed that the poling period
at temperature T is given by A(T) = a(T)Agr, using the contraction coefficient a(T)
defined in Eq. (2.18). To determine the refractive index function n(A), an optimization
algorithm is employed to identify the set of coefficients {A;, Az, A3, A4} for Eq. (5.7).
This is achieved by utilizing a minimization function that reduces the discrepancy
between the fabricated poling period Arr and the theoretical poling period derived
from the experimental data. The initial guess for the Sellmeier coefficients is the fit
of the RSoft simulation data, as this model is expected to provide a robust starting
estimation. For every iteration, the algorithm calculates the residual for each parameter
set {ArT, T, As, Aj, /1p}, ultimately minimizing the sum of these deviations to identify
the Sellmeier equation that best describes the experimental results.

Consequently, the optimized coefficients {A;, Ay, A3, A4} allow to calculate the fabricated
poling period Arr from the measurement results with high accuracy. Conversely, this
means that a Sellmeier equation was deduced, which describes the effective refractive
indices for the characterized waveguide at the given operation temperature more accurately
as the former model, which relied exclusively on the RSoft simulations. Both the simulated
curves and the optimized Sellmeier equations for TM and TE polarization are shown in
Fig.|5.7 (c) and (d), respectively. The absolute deviation between both Sellmeier equations
is small, as the refractive indices differ in the order of 10~%. The total deviation An, Jeo(A)
is presented separately in an inset plot for each polarization. The absolute coefficients for
the simulated and optimized curves are listed in Table 5.1
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Figure 5.7: Wavelength-dependent refractive index data of lithium niobate for TM-polarized (left
side) and TE-polarized (right side) light. In the first optimization step ((a), (b)), the
Sellmeier equation in Eq. (5.7) is fitted to the simulation data obtained from RSoft
simulations. The initial guess for this fit is the literature data for bulk lithium niobate.
In the second step ((c), (d)), the algorithm identifies the optimal Sellmeier coefficients by
minimizing the residuals between the fabricated poling period and the period calculated
from the experimental data. The initial guess for this optimization is the fit to the
simulation data performed in (a) and (b). The inset plots show the absolute deviation
between the simulated and optimized Sellmeier equations.
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Table 5.1: Coefficients for the temperature-independent Sellmeier equation (Eq. (5.7)). The table
lists the coefficients for the simulated curves (fitted to RSoft simulation data) and
the empirically optimized curves (deduced from experimental data) for TM and TE
polarization. The data was analyzed for a waveguide width of 7 pm and 5 pm, respectively,
which was defined by the experimental conditions.

Coefficient Sim. TM Opt. TM Sim. TE Opt. TE
(7 pm, 5 K) (7 pm, 6.7 K) (5 pm, 5 K) (5 pm, 6.8 K)

Ay 4.56592 4.56597 4.91140 4.91157

A, 0.101278 0.101133 0.115 569 0.115103

As 0.205042 0.205 042 0.235483 0.235347

Ay 0.024 4311 0.024 4318 0.029 8419 0.029 6578

The introduced optimization algorithm is built on two necessary key assumptions. First,
high accuracy of the fabricated poling period is presumed, as the optimization treats this
value as the target parameter toward which it must converge. The periodical poling of
the characterized waveguide samples was fabricated with laser lithography, ensuring
high precision in the poling period. However, this accuracy could be further improved
by employing electron beam lithography. Second, precise knowledge of the temperature
dependence of these poling periods is required. As discussed in Section 2.1.3, published
data for the thermal expansion coefficient span temperatures down to 60K p- 471,
which allows an accurate description of the thermal contraction down to this temperature.
Although the exact contraction for lower temperatures is not known, further changes in
the length can be assumed minimal since the thermal expansion coefficient must disappear
at 0 K.

Despite the barely noticeable deviation in the simulated and optimized Sellmeier equations,
the optimized functions result in an apparent shift of several nanometers in the wavelengths
when calculating the phase-matching point for an NLO process. As an example, we consider
a fully TM-polarized SPDC process, with the same parameters that were used for the SFG
characterization (7 um wide waveguides at a temperature of 6.7 K). For a pump wavelength
of 590 nm and a poling period of 9.56 um, a calculation based on the simulation data
results in a signal wavelength of A; = (1554.20 + 0.02) nm and an idler wavelength of
Ai = (951.02 £ 0.01) nm. When using the experimentally optimized Sellmeier equation, a
signal wavelength of As = (1547.15 + 0.02) nm and an idler wavelength of 4; = (953.68 +
0.01) nm are predicted. The widely non-degenerate SPDC process detailed in Chapter 4
was implemented in a waveguide with a 5 pm width. Consequently, the accuracy of the
refined Sellmeier equation cannot be directly validated against these specific SPDC results
due to the difference in waveguide geometries.

As the optimization strongly relies on the measured phase-matched wavelengths, a shift
in these experimental wavelengths results in a varying Sellmeier equation. Indeed, the
overall waveguide performance and the exact phase-matching point can differ in repeated
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cooling cycles due to the interplay of pyroelectricity and photorefraction. Specifically,
this observation is discussed next in Section 5.2. The presented model thus serves as a
useful tool to determine the effective refractive indices, but the accuracy of the determined
Sellmeier equations should be increased in future studies. This includes repeating the
procedure for several thermal cycles and also multiple waveguide samples of the same
fabrication parameters.

5.2 Studies on the reproducibility of cryogenic performance

At a glance

The measurement series addresses the third main research question: What do our
observations teach us about the viability of cryogenic lithium niobate? To define the
conditions under which the investigated Ti:PPLN platform can be beneficial for cryo-
genic integrated optics, I evaluated the performance of 15 waveguides across a series
of six cooling cycles. These waveguides are organized into five groups, each subjected
to distinct experimental conditions. These measurements were developed to address
specific research considerations detailed in the preceding chapters.

The measurements are performed with the same waveguide sample that was employed
for the cryogenic degenerate SPDC process, discussed in Section 3.3, During these exper-
iments, this sample demonstrated notable cryogenic performance, specifically, an SHG
phase-matching spectrum close to the ideal shape (see Fig. 3.4). The widely non-degenerate,
exclusively TM-polarized phase-matching is highly sensitive to “frozen-in” charges. There-
fore, the degenerate type-II process was selected for the reproducibility studies, as it
demonstrated higher potential for enabling reliable phase-matching throughout repeated
cooling cycles.

5.2.1 Research questions

The chosen Ti:PPLN sample contains five waveguide groups (WGGs) featuring poling
periods that are optimized for cryogenic degeneracy in the telecom wavelength range. All
groups are characterized by their linear waveguiding properties and the nonlinear SHG
response when pumped with approximately 1550 nm. However, the specific experimental
conditions for each group vary in terms of either the temporal pump profile (CW or
pulsed) or the incident optical power. Each group is therefore dedicated to a distinct
measurement; an overview is provided in Table 5.2. These measurements were developed
to explore specific research questions that emerged as candidates for further investigation,
following the findings of the prior chapters. Five core objectives were formulated to guide
this investigation. The corresponding research questions and experimental protocols are
detailed below.
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Tab

le 5.2: Overview of the experimental SHG measurements designed for each individual wave-
guide group (WGG). The table summarizes the poling period A, the theoretical phase-
matched SHG wavelength Aspg at cryogenic temperature (6 K), the temperature of the
experiment (RT: room temperature, CT: cryogenic temperature), and the associated
measurements.

WGG A[pm] Asyg [nm] Temp. Measurement Conditions

8
9
10
11
12

1.

3.

8.77 1553.9 CT Pulsed - Increasing power

8.78 1554.9 CT Pulsed - Low power

8.79 1556.0 RT,CT CW -Low power

8.80 1557.0 CT CW - Increasing power

8.81 1558.1 CT CW - High power & green laser coupling

To what extent does the cryogenic cooling process itself influence the wave-
guiding properties?

Objective: Evaluate the influence of the pyroelectric effect on charge carrier distribution
and its subsequent impact on the (non)linear properties of the cryogenic waveguides.
Experiments: Two groups of waveguides are characterized exclusively at low optical
power levels to isolate thermal effects from power-induced damage. Any distortions in
the waveguiding can be attributed to underlying pyroelectric fields. WGG 9 is analyzed
using pulsed excitation, while WGG 10 is monitored under CW operation.

How sensitive is the cryogenic performance of the waveguides to high incident
optical power?

Objective: Identify the critical power thresholds that trigger the onset of detectable
photorefractive damage in the cryogenic regime.

Experiments: The SHG response of two WGGs is analyzed during an incremental
increase in pump power. Power-dependent changes in the conversion efficiency or
phase-matching spectrum indicate photorefractive damage. WGG 8 is characterized
using pulsed light, while WGG 11 is characterized exclusively with CW light.

Are the observed photorefractive effects limited to CW operation, or do they
remain significant under pulsed excitation?

Objective: Assess whether cryogenic waveguides exhibit greater resilience to pulsed
excitation than to CW operation.

Experiments: A comparative study is conducted using two WGGs (8, 9) dedicated to
pulsed operation and three separate WGGs (10, 11, 12) utilized exclusively with CW
light.

4. What strategies can be employed to re-mobilize trapped charges in order to
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restore or enhance waveguide performance?

Objective: Investigate the practical viability of elevating the charge carrier mobility
through both thermal preparation (pre-cooldown) and optical mitigation (in-situ at
cryogenic temperatures).
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Experiments: Two distinct approaches are tested. First, during the measurement series,
the waveguide sample is removed from the cryostat three times and actively heated
to 175 °C, where it is held for 30 min, before the phase-matching is analyzed again.
Second, WGG 12 is characterized under high CW pump power while simultaneously
coupling the auxiliary green laser beam.

5. To what extent is the cryogenic (non)linear waveguide performance repro-
ducible across multiple thermal cycles?
Objective: Identify variations in the cryogenic performance and determine whether
passive warming to room temperature and ambient venting are sufficient, to reset the
material’s internal charge state and ensure reproducible nonlinear performance.
Experiments: The same waveguide sample undergoes six consecutive cryogenic cycles.
Between cycles, the sample is returned to room temperature and the vacuum chamber is
vented for several hours to simulate standard laboratory handling. Room-temperature
characterization is restricted to low-power CW operation to prevent additional pho-
torefractive damage. Notably, an active high-temperature heat-up is performed prior to
the first and fifth cycles to serve as a baseline. This aims to dissipate persistent charge
carrier distributions, ensuring a well-defined, “pristine” initial state for the cooldown.

5.2.2 Experimental setup

The experimental setup around the free-space coupled cryostat was optimized to enable
efficient transitioning between the diverse measurement protocols for each waveguide
group. Optimization involved providing access to all required laser sources, without
the need to exchange optical fibers, and to set up fixed detection stages for both the
transmitted infrared beam and the generated visible SHG light. This ensured a high degree
of reproducibility in data acquisition for the individual thermal cycles. The optimized
experimental setup is visualized in Fig.5.8.

The tunable telecom CW laser (T500S, EXFO) and the pulsed IR laser (Onefive Origami 15
LP, NKT Photonics) are overlapped using a flip mirror. In addition, a visible light source
is set up, originating either from a red laser, or from the green laser diode. The red laser
is used for general alignment, whereby its optical pump power is limited to 1mW. The
green laser is exclusively employed to test the photorefraction mitigation technique for
WGG 12. This group was actively selected for the green illumination as it is on the edge of
the tested area. This way, scattered green light is expected to remain low for most of the
other waveguides.

The out-coupled beam is spectrally separated with a DM and one power meter (PM) is set
up for each path. The distance from the waveguide end facet to the sensors was empirically
optimized, so that both the IR beam and the SHG signal are simultaneously focused on their
associated power meters. A beam camera is mounted together with the IR PM on a common
rail carrier. Calibrated mechanical stops ensure a highly reproducible alignment. The fixed
position of the beam camera serves as a spatial reference, ensuring that each waveguide
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Figure 5.8: Experimental setup to characterize the distinct WGGs according to their IR waveguiding
and SHG response. Both signals are detected simultaneously. Two flip mirrors are
installed to chose from CW or pulsed excitation, as well as to select a visible laser
source (for alignment or photorefraction mitigation). A movable power meter (PM)
is used to detect the IR input and output power at any time at predefined positions.
HWP: half-wave plate, DM: dichroic mirror, L: aspheric lens, BPF: band-pass filter.

is aligned to the same position when switching between neighboring channels. This is a
critical feature to facilitate the cryogenic alignment. The VIS PM is shielded from ambient
light using a lens tube. The BPF (550 nm - 850 nm) suppresses potential third-harmonic
light from the pump lasers and the green light when characterizing WGG 12.

5.2.3 Measurement series

The experimental setup in Fig. 5.8/ was utilized to perform a systematic series of six
cooldown (CD) cycles, combined with room-temperature (RT) phase-matching measure-
ments of WGG 10 and the application of the previously introduced heat-up (HU) method.
The chronological sequence of these stages is visualized in Fig. 5.9. Initially, RT phase-
matching spectra for WGG 10 were recorded to establish a baseline for the sample, which
remained untouched for approximately nine months. This was followed by the first HU
and a subsequent RT measurement to track any induced shifts in the phase-matching
properties. After two initial cooldown cycles, the RT measurement was repeated to serve
as an indicator of whether cryogenic operation has a long-term influence on the room-
temperature phase-matching. Following two additional CDs, a second HU was executed to
facilitate a “reset” of potentially persistent charge carrier distributions. The final two CDs
were followed by a concluding sequence of RT, HU, and RT characterizations to evaluate
the stability of any induced charge distributions and the effectiveness of the thermal reset
once more.

This complete measurement series was carried out over a time span of approximately
1.5 months. The cooldown and warmup procedures were performed with a slow tem-
perature change limited to 0.8 K/min. As the vacuum might pretend compensation of
accumulated charge fields, each warmup was followed by venting the vacuum chamber
for several hours before another cooldown was initialized. The majority of the individual
measurements were performed with a maximum rest period of two days. However, CD 5
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Figure 5.9: Schematic timeline of the experimental sequence. The characterization comprised six
consecutive cooldown (CD) cycles, five room-temperature phase-matching measure-
ments of WGG 10, and three controlled heat-up (HU) processes. While the majority of
the stages followed a continuous chronological order, an extended ten-day interval
occurred between CD 5 and CD 6.

and CD 6 were suspended for a period of ten days. This is noted here as significant changes
were observed in the cryogenic performance of these two cooling cycles.

The phase-matching shifts by approximately 26 nm between RT and CT operation. While
the cryogenically phase-matched wavelengths are within the bandwidth of the pulsed pump
laser, this laser is not tunable and does not match the RT wavelengths. Therefore, the RT
characterization is limited to CW pump light and a comparison of the pulsed performance
at both experimental temperatures is not feasible. The CW phase-matching spectra are
recorded by scanning the pump wavelength, while measuring the SHG power and the
transmitted pump power. In contrast, the pulsed SHG measurements at CT exclusively
record three power values: the input and transmitted pump power, together with the SHG
power. A wavelength-dependent measurement is not possible, as the SHG is generated by
the complete, broadband pump spectrum.

5.2.4 Evaluation of the waveguide performance

A full, detailed description of the measurements and experimental results for each wave-
guide group are included in Appendix A.5.1. Here, I concentrate on the salient features
of the results which answer the research questions. First, a brief overview of the general
performance across the thermal cycles is provided to contextualize the findings. In the
initial cooldown (CD 1), the linear waveguiding of TM-polarized light was severely lim-
ited, despite the sample having remained unexposed to cryogenic temperatures or high
optical power for nine months prior. While coupling of the TE-polarized beam yielded a
well-defined, collimated waveguide mode, the TM-polarized mode exhibited significant
propagation losses and scattering, preventing the detection of a measurable CW SHG
signal.

This poor TM-waveguiding quality persisted throughout CD 2. In CD 3, measurements
on WGG 12 confirmed that no improvement had occurred; consequently, this cycle was
ended early to focus the characterization on the impact of the upcoming second heat-up
(HU 2). The subsequent CD 4 confirmed that the performance remained consistently poor
and unchanged in comparison to CD 2. All waveguides from the five inspected groups
demonstrated a very uniform response for TM-polarized pump light within the distinct
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thermal cycles. However, following HU 2, the cryogenic waveguides finally exhibited proper
TM-mode confinement, which was achieved by simply rotating the input polarization from
TE to TM. Consequently, CD 1 and CD 5, which were both performed subsequent to a
heat-up, resulted in completely different waveguiding qualities. This enabled the detection
of SHG signals across all groups in CD 5. In the final cooldown (CD 6), the waveguiding
quality enhanced even more, which consistently yielded the highest performance levels
recorded throughout the entire measurement series.

In summary, the pulsed operation did provide a measurable SHG signal in each thermal
cycle, while CW pumped SHG was only successful in the last two cooldowns. The pulsed ef-
ficiencies varied in the individual cycles and maximizing the SHG power required adjusting
the pump polarization almost completely to TM, in order to compensate for high propa-
gation losses of this polarization. To allow for a direct comparison between the diverse
experimental protocols, the key observations at each chronological stage are summarized
in Table 5.3. This overview examines the performance of all WGGs across the six thermal
cycles, where each group is graded based on its linear waveguiding quality and nonlinear
SHG stability. The grading scale is classified as follows: (++) Optimal (peak performance
recorded in this series), (+) Stable (a clear, detectable SHG response), (~) Compromised
(significant reduction in conversion efficiency), (—) No signal (absence of detectable SHG),
and (x) Not evaluated (measurement omitted).

Before revisiting the research questions defined in Section 5.2.1, I would like to detail
two specific experiments. The step-wise pulsed power increase for WGG 8 caused a
sudden drop in the transmitted and SHG power when exceeding a certain threshold.
I conducted a more detailed measurement of this drop, to investigate the waveguides’
susceptibility to high incident power, thereby addressing research question 2. Following
this discussion, the reproducibility of the RT measurements is evaluated, which were
performed at different stages throughout the measurement series: before any cooldown,
following a poorly performing cooldown, and subsequent to the best performing cooldown.
These measurements address research questions 4 and 5, by evaluating the implications of
the heat-up procedure and discussing whether the return to RT is sufficient to dissolve
persistent charge fields present at CT.
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Photorefraction induced by excessive pulsed pump power

While increasing the power for waveguide 8-1 in the final cooldown, I started a continuous
measurement over a time of 10 min. This data is shown in Fig.|5.10. The measurement covers
two distinct time intervals spanning each about 5 min: first, the time when I increased the
transmitted pump power from 5mW to approximately 15 mW, at which the waveguiding
collapsed, and second, the subsequent period in which the experimental setup was left
untouched. The second interval thus represents the time in which the waveguide adapts
to the high power, clearly demonstrating strong dynamics on short time scales.

The first interval exhibits a multitude of plateau regions, where the pump power was kept
constant for a few seconds. The transitions between the plateaus result from the manual
adjustment of the next power step using a HWP. Within the first approximately 200 s, the
plateaus are flat, demonstrating that the waveguides can maintain stable power levels.
A closer look on the following plateau regions reveals that both power values started to
decrease for constant pump power. This indicates that the waveguide already demonstrated
unstable operation at these points, but the quick readjustment of the power allowed to
record a few more measurement points before the waveguiding collapsed completely. Both
signals dropped significantly within about 20s. As soon as the detected power values
dropped, the input pump power was kept constant (at 97.8 mW). The power drop was
followed by an oscillating trend which did not saturate within the recorded measurement
time.

This temporal decay was analyzed more closely employing WGG 9, after completing the
designed experiments for this group in the final cooldown. Until that time, this WGG
did only experience low optical pulsed power of 4 mW. These waveguides were analyzed
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Figure 5.10: Temporal measurement of the transmitted pump power and generated SHG power for
WG 8-1 while incrementally increasing the pump power within the first approximately
300 s. The data was recorded within cooldown 6. After both power values dropped
rapidly, the setup was not touched anymore to analyze if the power stabilizes after
several minutes.
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regarding whether they respond with a similarly fast power drop as WGG 8 when suddenly
exposed to high power values. The waveguides were coupled with low power first, then
the beam was blocked to increase its power to the maximum value, and unblocked again.
This way, the waveguides were abruptly coupled with a high input power of 124 mW. The
temporal behavior of the detected power values is visualized in Fig. 5.11.

All three waveguides demonstrated similar behavior: both the transmitted pump and the
SHG power declined strongly within approximately 40 s. The measurement data on a linear
scale (Fig. 5.11|left side) shows that the power settled at a significantly decreased level
compared to the initial power measured directly in the second when the waveguide was
exposed to the pump beam. When comparing the average power measured in the last 100 s
to the first detected power value, the transmitted pump power dropped by 82.1%, 90.5 %,
and 94.3 % for the waveguides 9-1, 9-2, and 9-3, respectively. The data representation on
a logarithmic scale (Fig. 5.11 right side) visualizes that this power drop corresponds to
a two-step process. The power decreases exponentially at first and then experiences a
second, even faster decay. The inflection points are marked in Fig. 5.11 using vertical lines.
These times were corrected by the first 6 s in which the beam was blocked, leading to an
initial exponential decay time of approximately 15s to 30s.

These results clearly demonstrate that the cryogenic waveguides are not resistant to
high peak powers under pulsed excitation. The waveguiding performance deteriorates
drastically due to the induced photorefractive damage. The flat plateau regions observed
for transmitted pump powers up to approximately 10 mW (see Fig. 5.10) suggest a potential
regime of stability, provided the optical power remains below a threshold. However, as the
SHG source was only operated at constant power for several seconds, these plateaus may
not represent the long-term behavior. To draw definite conclusions, future investigations
should focus on the long-term stability of pulsed operation at fixed power levels. In
addition, more data is necessary to evaluate the recovery dynamics of the waveguides
under cryogenic conditions, specifically, whether waveguiding properties are partially
restored after extended rest periods.

For the pulsed measurement, I want to note that the detected SHG signal was accompanied
by the third-harmonic generation (THG) of the pulsed pump beam. Although this beam
was filtered out and did not contribute to the detected SHG power, its wavelength (~
520 nm) is close to the wavelength of the green laser diode (532 nm) used to affect the
charge carrier mobility. Consequently, the THG could affect the SHG response of the
waveguide. Depending on the optical power, this green light might either reduce the
photorefractive power thresholds by inducing photorefractive damage itself, or might
enhance the waveguide’s susceptibility to high optical power. However, as the excitement of
the THG was unavoidable in these measurements, it is not possible to isolate the individual
contributions of the pump light, SHG, and THG on the breakdown of the waveguiding.
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Figure 5.11: Temporal progression of (a) the transmitted pump power and (b) the generated SHG
power for WGG 9 after an immediate increase of the pulsed input power. The same
data is presented twice, on a linear scale (left side) and additionally on a logarithmic
scale (right side) to visualize the power drop within the first seconds. The vertical lines
represent the times where the power values experience an even stronger decrease
compared to the initial exponential decay.
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Decoupling of room-temperature and cryogenic performance

The RT nonlinear response of WGG 10 was characterized at different stages throughout
the measurement series. The transmitted pump power was kept constant at (3.4+0.2) mW.
The data is shown in Fig. 5.12. All waveguides show a similar spectral shift between the
measurements. Despite this total shift, the spectral shape reveals no significant changes
and the generated power is similar. Consequently, this indicates that the waveguides
are likely altered by a diverse but homogeneous charge carrier distribution, rather than
strongly localized fields. Much like a constant noise floor whose intensity may vary, there
appears to be a regular electric field whose strength determines the exact position of the
spectrum.

The first heat-up induced obvious variations in the material itself; in contrast to the initial
measurement, the spectra shifted by approximately —1.5nm. Although the short-term
exposure to increased temperatures was expected to elevate the charge carrier mobility,
which can result in a compensation of built-up electric fields, the spectral shape was
slightly more asymmetric following the first heat-up. After conducting two cooling cycles,
the RT spectra shifted by about +1nm. After completing the final cooldown, the spectra
shifted only slightly by approximately —0.2 nm, with no significant changes in the spectral
shape. This means that despite four cooling cycles and another heat-up, the RT spectra
were almost identical. The last heat-up again resulted in a slight blue shift.
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Figure 5.12: Measurement of the alterations in the phase-matching spectra of WGG 10 at RT. The
color-coded measurement timeline is included here to depict the chronological order
of the individual experiments. The theoretical phase-matched SHG wavelength for
this group is 1529.6 nm at a temperature of 294 K.
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Moreover, the phase-matched wavelengths measured following HU 1 and HU 3 were not
the same, which demonstrates that the heating procedure does not serve as a reliable
“reset” to an equilibrium state. Further research is required to evaluate the exact outcomes
of repeated heat-ups and to optimize the procedure, including testing higher temperatures
and longer periods during which the chip is kept at that temperature.

The measurements performed on WGG 10 demonstrate that the waveguides exhibit a
certain hysteresis; the temperature history of the sample affects the exact phase-matching
point at RT. However, the spectra differ only slightly in their wavelengths, and the spectral
shape and intensity remains almost unchanged. Consequently, even exceptionally poor
waveguiding quality during a cooldown does not induce long-term degradation of the
RT phase-matching properties. Conversely, a uniform and intense SHG spectrum at RT
provides no guarantee of successful waveguiding in a subsequent cooldown. Instead, the RT
performance appears to be largely uncorrelated with the cryogenic waveguide behavior.

5.2.5 Key factors affecting the cryogenic waveguides

The discussed observations provide the empirical foundation necessary to revisit and
address the initial research questions, focusing on the platform’s cryogenic behavior:

1. To what extent does the cryogenic cooling process itself influence the wave-
guiding properties?
Results: All waveguides exhibited comparable behavior for TM-polarized light, regard-
less of their exposure to high optical power. This suggests that the cooldown itself is the
primary factor influencing the cryogenic waveguiding, not photorefraction. A highly
similar general shape of the phase-matching spectra was observed for all CW-operated
WGGs; the spectra exhibited an asymmetrical shape with side peaks only on the shorter
wavelength side. Moreover, a consistent spectral shift of +2 nm in the phase-matching
points from CD 5 to CD 6 was observed for these groups. This indicates that the same
modifications to the “frozen-in” charges happened to all three groups. This points to a
broad pyroelectric charge carrier distribution that spreads across multiple waveguide
groups, thereby inducing a highly uniform deformation of the refractive index across
the entire region. These perturbations barely affect the TE-polarized modes, as this
polarization consistently resulted in a collimated mode. Ultimately, these findings
indicate that the success of a cooling cycle can be assessed early: a poorly confined TM
mode profile serves as an indicator of a significant underlying pyroelectric field, which
can fundamentally limit the linear waveguiding quality before nonlinear experiments
even begin.
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2. How sensitive is the cryogenic performance of the waveguides to high incident
optical power?
Results: Under CW operation at a wavelength of 1555 nm, the phase-matching spectra
remained stable up to the maximum available input pump power of 25 mW (corre-
sponding to about 7.5 mW transmitted power, compare Fig. A.8). Consequently, the
type-II process in this sample is robust in the CW regime within this power range.
While the pyroelectric distortions altered the general spectral shape already directly
after completing the cooldown, this shape was not additionally affected by the available
pump power. This indicates that CW input power up to 25 mW does not induce photore-
fraction if the general cryogenic waveguiding is sufficient to enable SHG. In contrast,
pulsed excitation revealed a clear operational threshold, as higher maximum power
was available. While the SHG power initially scaled quadratically, the waveguiding
changed into a rapid collapse at higher powers. Depending on the thermal cycle, stable
operation was maintained up to approximately 98 mW of average input pump power
(corresponding to about 15 mW transmitted power, compare Fig. 5.10), before the onset
of photorefraction. This might define a practical limit for pulsed nonlinear processes
in this configuration, which verifies strong robustness to photorefraction when using
pulsed pump light.

3. Are the observed photorefractive effects limited to CW operation, or do they
remain significant under pulsed excitation?
Results: Since no photorefractive onset was observed within the available CW power
range, a direct comparison of CW and pulsed thresholds requires further investigation
at higher CW intensities. However, the results suggest that for this specific sample,
classical photorefraction plays a secondary role compared to the dominant distortions
induced by the pyroelectric effect. While pulsed excitation eventually triggers a collapse
for average transmitted pump power in the low milliwatt range, the primary bottleneck
for cryogenic performance remains the electrostatic environment created during the
cooling process.

4. What strategies can be employed to re-mobilize trapped charges in order to
restore or enhance waveguide performance?
Results: The measurement series indicates that neither active heating nor green-light
illumination, in their current implementations, provide a consistently reliable method
for performance recovery. While both techniques were evaluated across two cycles, the
outcomes remained inconsistent. CD 1 and CD 5 yielded entirely different waveguiding
performance regarding the scattered TM-polarized modes, although both cycles were
directly following a heat-up. However, both cycles revealed a similar conversion
efficiency for WGG 8, which on the other hand points to a partly relaxing effect of
the heat-up on the charge carrier distribution. In the final cooldown, the green laser
induced a homogeneous shift of —1nm in the phase-matching spectra, but both the
generated peak power and the spectral shape were not improved. These strategies
remain promising but require systematic optimization; specifically, complete charge
relaxation may necessitate higher temperatures, extended annealing duration, or a
more precise calibration of the green illumination intensity and exposure intervals.
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5. To what extent is the cryogenic (non)linear waveguide performance repro-
ducible across multiple thermal cycles?
Results: The performance was found to be highly non-reproducible across repeated
thermal cycles. While the first four cooldowns (CD 1-4) exhibited poor TM wave-
guiding and no detectable CW SHG signal, performance improved significantly in
CD 5 and reached its peak in CD 6. Although the pulsed measurements were successful
throughout all cooldowns, optimizing the SHG power necessitated changing the input
polarization almost completely to TM. Therefore, also the pulsed-operated WGGs
experienced tremendous transmission losses for the TM-polarized modes. The variance
in cryogenic performance strongly indicates that the build-up of pyroelectric fields is
a stochastic process, where the magnitude and distribution of induced charges differ
with every cooling cycle, regardless of identical external parameters. However, the
phase-matching spectra recorded at RT exhibited an almost unperturbed shape in
every measurement, which suggests that most pyroelectric charges do relax when the
system returns to RT.

These findings lead to a primary conclusion regarding the cryogenic performance: the
dominant limiting factor for the characterized process is the influence of “frozen-in”
pyroelectric charges, rather than photorefraction. The collective trends in the CW phase-
matching spectra indicate that these pyroelectric charges, induced directly by the cooling
process, fundamentally alter both phase-matching and waveguiding before high-power
thresholds are even reached. These results suggest that the pyroelectric charge distributions
are not localized to the micrometer scale, but instead extend across multiple waveguide
groups, remaining largely uniform over several millimeters transverse to the waveguide
orientation. Consequently, the consistency of the TM-mode response serves as a reliable
diagnostic tool for the early-stage assessment of a cooling cycle. If the TM-polarized light
fails to produce a well-confined transmitted mode, it indicates a significant underlying
pyroelectric field that will likely limit the linear waveguiding quality. In such instances,
repeated thermal cycling can be employed as a strategy to redistribute these charges,
potentially enabling enhanced performance in subsequent cooldowns.

5.3 Chapter conclusion

Building upon the cryogenic SPDC implementations in Chapters 3 and 4, this chapter
addressed the final research question of this work: What do our observations teach us about
the viability of cryogenic lithium niobate? As the previous results had highlighted significant
pyroelectric and photorefractive constraints, the studies presented here transitioned toward
a more systematic investigation of the platform’s underlying physical properties. These
measurements revealed a complex relationship between thermal transitions, electrostatic
charge distributions, and nonlinear optical performance. By systematically decoupling
the effects of pyroelectricity and photorefraction, this chapter determined the primary
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mechanisms influencing cryogenic waveguide performance and established the conditions
under which stable operation was achievable.®

The measurements discussed in Section 5.1.1/ demonstrated a clear correlation between
pyroelectric current spikes and sudden changes in the waveguide’s birefringence during
thermal cycling. This verified that thermally induced modifications in the charge distri-
butions generate apparent, measurable shifts in the optical waveguide properties. As the
frequency of discharges is significantly reduced at cryogenic temperatures, a persistent
and inhomogeneous charge distribution remains “frozen in” as the cooldown process is
completed.

This pyroelectric effect, rather than optical photorefraction, constitutes the dominant
bottleneck for cryogenic performance. The electrostatic environment present at cryo-
genic temperatures, can fundamentally alter both linear waveguiding and phase-matching
conditions. Crucially, during the reproducibility studies in Section 5.2, this process was
found to be highly stochastic; identical cooling parameters resulted in vastly different
outcomes across repeated cycles. This is consistent with the observations I made for the
sample used for the widely non-degenerate nonlinear process, detailed in Section 4.3.1.
The detectable modifications in the macroscopic waveguide performance metrics have
their origin in myriad microscopic charge carrier displacements. Inherently, a significant
change in the operation temperature by nearly three hundred degrees results in a varying
charge configuration for repeated thermal cycles.

The pyroelectric investigations were followed by a study of the independent influence of
photorefraction in Section 5.1.2, In preparation to this study, the phase-matching spectrum
of a waveguide was measured twice: immediately after the cooling process was completed
and after one week during which the waveguide had been kept in the dark at a constant
temperature. The spectral shape was completely stable, indicating a long lifetime of induced
charge distributions at CT. However, these “frozen-in” charges were actively mobilized
by activating the auxiliary green laser beam. Consequently, an apparent interaction of
this beam with the charges was visible. Although the result was not fully repeatable
in a second attempt, this mitigation protocol represents a promising approach to relax
persistent charge distributions.

During the reproducibility studies, the green auxiliary laser was examined again, by
introducing this beam into the cryogenic SHG process. Here, it induced a shift in the phase-
matched wavelength by approximately 2 nm while the spectral shape remained unchanged.
This behavior was only observed for one of two cooling cycles. This showed again that
the green light possesses the potential to enhance the cryogenic charge carrier mobility,
but this protocol demands further optimization. In addition to this optical mitigation
technique, a thermal annealing approach was evaluated to reset charge profiles prior to a
cooling cycle. While the cryogenic waveguides demonstrated enhanced performance for
TM polarization in one out of two cycles following a heat-up, this data set is not sufficient

3In case I have caught your attention with the “cryogenic traffic jam” metaphor at the beginning of this
thesis, I have added an illustrative description of the results in Appendix A.6.
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to draw definite conclusions. Therefore, while the presented mitigation strategies such as
auxiliary green-light illumination and thermal annealing show promise for mobilizing the
charges, they currently lack the consistency required for a reliable “healing” protocol.

The photorefractive measurements in Section 5.1.2 further revealed a clear onset of damage
during the type-0 SFG process; this occurred when pumping with approximately 15 mW at
960 nm and 20 mW at 1570 nm. In contrast, the type-II SHG process detailed in Section 5.2
remained stable up to the maximum available CW pump power of 25 mW (at 1555 nm).
This suggests a higher resilience for the type-II telecom process compared to the visible-
light-driven type-0 configuration. This trend is consistent with the broader performance
disparities observed in Chapters 3 and [4. Since the type-0 interaction relies exclusively on
the TM-polarized mode, it is inherently more susceptible to induced charge distributions.
This fundamental sensitivity explains the higher robustness of the type-II configuration
implemented in this work.

In contrast to the CW operation in Section 5.1.2, pulsed excitation of type-II SHG revealed
a distinct operational threshold; once exceeded, the waveguide experienced an abrupt
collapse of the guided mode. However, the available average pump power for the pulsed
beam was considerably higher (124 mW) than the accessible CW power (25 mW). The
measurement shown in Fig. 5.10 demonstrates that the pump power could be raised to
more than 90 mW before the waveguiding collapsed. Note, that this value represents
the average power, while the peak power is significantly higher (approximately 5.2 kW).
Overall, the cryogenic waveguides exhibited more stable performance for pulsed operation
compared to CW pump light. Specifically, the pulsed excitation yielded a measurable SHG
signal in every cooling cycle, although the TM-polarized mode was not well confined.
Strong optical losses in this mode could be compensated by rotating the polarization of
the pump beam so that it exhibited a major TM-polarized component and only a low
proportion of TE-polarized light.

Finally, the type-0 SFG measurements detailed in Section 5.1.3/served as a basis for deriving
an experimental Sellmeier equation, providing a more accurate model for the specific
waveguide geometry than previous simulations. This empirical model can be applied to
various waveguide designs and operation temperatures. As the absolute phase-matching
point of the characterized Ti:PPLN waveguides is affected by the internal charge fields,
the accuracy of a specific Sellmeier equation should be increased by repeatedly recording
the phase-matching spectra in multiple cooldowns.

In conclusion, the discussed results indicate that stable cryogenic operation is feasible,
provided the preceded cooling cycle induced only weak pyroelectric fields and the optical
power is maintained below a calibrated threshold. This conclusion holds in particular
for pulsed excitation. In line with observations at room temperature [193], pulsed
excitation proved more robust against cryogenic photorefraction than CW pumping. This
consistency suggests that the advantages of pulsed operation for nonlinear stability are
maintained across a wide thermal range.
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The TM-mode response was found out to provide a reliable early-stage indicator of cool-
ing success, where failures in the mode confinement signalize the degree of underlying
pyroelectric distortions. This makes repeated thermal cycling a necessary strategy for redis-
tributing stochastic charge patterns and enhancing performance in subsequent cooldowns,
as the observations indicate that pyroelectric accumulation is not a cumulative process. To
transition the titanium in-diffused platform from a series of “lucky” experimental cycles to
a predictable quantum photonic tool, future efforts must prioritize the stabilization of the
pyroelectric environment. Managing these internal field distributions remains the defini-

tive next step in harnessing the full potential of lithium niobate for cryogenic quantum
technologies.
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Conclusion and Outlook

This work has systematically characterized the cryogenic optical properties of titanium
in-diffused lithium niobate waveguides and established the experimental and theoretical
framework required to evaluate their viability for nonlinear quantum photonics at low
temperatures. The objectives of this project were structured around three central research
questions, which were defined in the introduction.

6.1 Key findings in response to the research questions

How can we reliably measure the linear and nonlinear effects of the cryogenic
Ti:PPLN waveguides? Aim: Develop and optimize functional experimental methods for
low-temperature integrated optics.

To address this first research question, the work began with the development of an
experimental framework dedicated to re-configurable, free-space access to Ti:PPLN
waveguides at cryogenic temperatures. A custom free-space coupled cryostat was
employed throughout all measurement series. It provided mechanical stability for
in-situ alignment below 10 K and integrated piezo controllers to compensate thermal
contraction and maintain optimal mode overlap. Based on this system, a protocol
for waveguide mounting and cryogenic alignment was established (Section 2.2.2).
Furthermore, the developed experimental setup enabled broadband characterization
across a wide wavelength range for SPDC, SHG, and SFG measurements from room
temperature down to approximately 4 K. Using this setup, SPDC at cryogenic tempera-
tures was demonstrated to be feasible in Ti:PPLN waveguides, with clearly measurable
phase-matching and photon correlations (Section 3.2). The combination of theoretical
simulations and empirically corrected temperature-dependent material parameters al-
lowed the cryogenic phase-matching to be predicted with an accuracy of about 1 -2 nm,
which enabled implementation of a cryogenic degenerate SPDC process (Section 3.3).
The resulting experimental framework proved to be robust and readily adaptable to a
variety of nonlinear optical processes and measurement configurations, as detailed
in Chapters 3/to 5. Overall, this work establishes a validated and transferable experi-
mental methodology for the linear and nonlinear optical characterization of integrated
waveguides under cryogenic conditions.
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How does cryogenic operation affect the material platform? Aim: Determine and
understand the critical temperature-dependent effects that alter the waveguide performance
under extremely cold operation conditions.

Building upon the established measurement framework, the second research question
focused on identifying how cryogenic operation alters the intrinsic material and
waveguide properties of Ti:PPLN. The temperature-dependent changes can be grouped
into a predictable and a stochastic component. The predictable effects include the
reduction in refractive indices and the thermal contraction of the material, which
cause well-defined shifts in the phase-matching. The stochastic effects arise from the
strong decrease in charge-carrier mobility, giving rise to persistent and spatially diverse
pyroelectric and photorefractive fields. The pyroelectric charge accumulation during
the thermal transition to cryogenic temperatures results in “frozen-in” inhomogeneous
internal fields that modify both the phase-matching conditions and mode confinement.
Following the cooldown, photorefraction can introduce additional instability and loss,
whose onset was observed at different optical power levels.

These internal electric fields manifest in observable performance degradation. Mea-
surements with differently polarized light revealed a pronounced asymmetry between
the orthogonally polarized TE- and TM-modes (Section 4.3.1). While the TE-polarized
modes remained mostly stable in a series of repeated cooldowns, the TM-polarized
modes degraded due to their stronger sensitivity to the induced electric fields. Moreover,
variable optical losses and probabilistic effective lengths indicate a strong cycle-to-cycle
and sample-to-sample variability of the overall cryogenic performance.

Together, these pyroelectric and photorefractive contributions define the performance
boundary for cryogenic operation, demonstrating that the intrinsic electro-optic prop-
erties of lithium niobate become limiting factors once the charge-carrier mobility is
suppressed. However, photorefraction was found to be less critical than the pyroelectric
effect, as the waveguides often showed degraded performance immediately after the
cooldown, before exposure to high optical power (Section 5.2). Consequently, the cryo-
genic behavior of Ti:PPLN waveguides is primarily limited by static electric fields that
accumulate from the pyroelectric effect, whereas photorefraction plays a secondary
role. Detailed knowledge of both effects is essential for any low-temperature design
strategy.

What do our observations teach us about the viability of cryogenic lithium niobate?
Aim: Assess the fundamental potential of cryogenic Ti:PPLN and define the conditions under
which this platform can be beneficial for cryogenic integrated optics.
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With the key cryogenic effects characterized, the final research question turned toward
evaluating the overall viability of Ti:PPLN for nonlinear and quantum photonic appli-
cations at low temperatures. Two separate mitigation strategies were explored, aimed
at increasing charge-carrier mobility and modifying the “frozen-in” charge distribution
(Chapter 5). Optical activation of trapped charges was investigated using an auxiliary
green laser beam, which temporarily mobilized charge carriers and produced measur-
able shifts of the phase-matching condition. Thermal annealing between cooldowns was
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also evaluated; the heat-up protocols induced a spectral shift of the room-temperature
phase-matching, indicating a modification in the underlying charge configuration.
However, no consistent improvement was observed in subsequent cooldowns. While
both methods show potential for charge control, they currently lack reproducibility.
Beyond these mitigation attempts, process-specific insights were obtained that define
the operational boundaries of Ti:PPLN. The type-II (TE-TM) processes in the tele-
com range (Chapter 3) were more stable than the type-0 (TM) interactions driven at
visible wavelengths (Chapter 4), consistent with the lower electric-field coupling of
TE-polarized modes. Moreover, pulsed operation yielded more robust performance
than CW excitation, with measurable SHG signals obtained in every cooldown during
the reproducibility studies (Section 5.2).

The experimental datasets further enabled refinement of the effective refractive index
model. An empirical Sellmeier equation, derived from the type-0 SFG measurements
(Section 5.1.3), provides improved accuracy for predicting cryogenic phase-matching
in this waveguide geometry. However, the system’s intrinsic stochastic behavior im-
plies that precise dispersion models require repeated measurements and iterative
optimization of the Sellmeier coefficients.

Overall, stable operation of the titanium in-diffused platform is feasible when the
field buildup is moderate and optical powers are carefully optimized. The success of a
cryogenic measurement ultimately hinges on effective pyroelectric field control. Re-
producibility therefore demands well-defined stabilization or compensation protocols.
If these internal fields can be managed or dynamically neutralized, cryogenic z-cut
lithium niobate remains a promising platform for nonlinear and quantum photonic
applications.

6.2 Perspectives for cryogenic integrated optics

The insights gained through this work highlight several opportunities to extend and
refine cryogenic integrated optics in the future. The following section outlines potential
experimental improvements, design strategies to further stabilize lithium niobate under
cryogenic conditions, and an alternative research direction by considering thin-film lithium
niobate (TFLN) for cryogenic photonic applications.

The cryogenic performance of the Ti:PPLN platform could be improved by further in-
vestigating and refining the presented mitigation protocols. Specifically, the auxiliary
green laser beam offers numerous possibilities for optimization. For example, the exact
optical power and exposure duration should be carefully calibrated throughout repeated
measurements. Moreover, the influence of a pulsed auxiliary beam can be characterized in
future studies. The heat-up protocol can be also be adapted by extending the time interval
at elevated temperatures or by testing higher operation temperatures to achieve a more
complete reset of persistent charge-carrier distributions. If a well-calibrated pre-heating
step prior to cooldown proves beneficial, a dedicated heating stage could be integrated
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into the cryostat design. This would allow regular heating to be carried out immediately
before each cooling cycle, with the sample already mounted inside the cryostat.

One promising approach for mitigating pyroelectric field accumulation lies in optimiz-
ing the waveguide design. This involves introducing conductive surface layers that can
dissipate the charges at low temperatures. This concept has recently been explored to
prevent pyroelectric damage in integrated superconducting single-photon detectors on
z-cut lithium niobate [[194]]. Ideally, the coating material should be transparent and remain
sufficiently conductive during cooldown to flush away the pyroelectric charges. For this
application, the material should further become insulating once the detectors reach their
operational critical temperature (typically around3 K). A thin carbon layer represents one
potential candidate, as carbon loses its conductivity at cryogenic temperatures. In initial
tests, such carbon coatings successfully protected unbonded detectors from pyroelectric
discharge [[194]]. However, the protection failed when wire-bonded detectors were exam-
ined. The bond wires are expected to introduce additional charge currents, leading to
potential differences that could no longer be compensated. All bonded devices showed
clear signs of electrical arcing visible under the microscope [194].

Since the carbon layer reduced pyroelectric damage for unbonded detectors, similar coat-
ings might also help to mitigate charge-induced waveguide degradation of Ti:PPLN struc-
tures. Nevertheless, carbon coatings were found to noticeably increase the optical propaga-
tion losses of titanium in-diffused lithium niobate [194]. One possible approach could be to
pre-select individual waveguides for cryogenic measurements by first characterizing the
sample at room temperature before applying a coating. Subsequently, the sample surface
could be coated with carbon, while the specific waveguide areas are left blank. The coated
sections might be interconnected by narrow carbon stripes that cover the waveguide
region only over very short distances to maintain the optical performance. As the measure-
ments in this work have shown that the pyroelectric fields tend to be homogeneous across
several waveguide groups (Section 5.2.4), even a conductive coating applied alongside the
actual waveguide region could contribute to the charge compensation and thus enhance
cryogenic nonlinear optical processes.

Alternatively, transparent conductive oxides such as indium tin oxide (ITO) represent
promising candidates for charge-compensation layers. Owing to their combination of
electrical conductivity and optical transparency [[195]], these coatings can maintain charge
dissipation without significantly disturbing guided optical modes. In an initial test, ITO
was deposited on a Ti:LN waveguide sample and its resistivity was measured during a
cooldown [[194]. The layer remained fully conductive over the complete temperature range,
showing only a minor increase in resistivity at cryogenic conditions. In addition, this coat-
ing introduced much lower propagation losses compared to the carbon layer. However, the
optical performance of cryogenic ITO-coated waveguides has not yet been characterized.
While the integration of superconducting detectors would require an additional insulation
layer between the conductive ITO and the detector material [[194]], this isolation is un-
necessary for cryogenic frequency-conversion experiments. Consequently, a continuous
ITO layer covering the full sample surface could provide an effective method to suppress
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6 Conclusion and Outlook

pyroelectric charging in lithium niobate waveguides. Exploring this approach represents a
highly promising direction for future work.

Furthermore, conductive surface layers could also enable the application of controlled
external electric fields, allowing an active stabilization of the internal fields under cryogenic
conditions. Applying a uniform bias across the entire sample could help to neutralize
accumulated pyroelectric charges and implement a stable, homogeneous internal field that
influences the waveguides only minimally. Following the compensation of pyroelectric
charge fields, the operation parameters for cryogenic nonlinear processes can be further
optimized. This includes, for example, operation with pulsed excitation at reduced optical
power levels and the preference for type-II phase-matching configurations that involve both
polarizations. These limitations keep the induced photorefractive damage at a minimum and
reduce the dependence of the nonlinear process on effective waveguiding of TM-polarized
modes. Finally, to enable the combined integration of (coated) Ti:PPLN waveguides in
z-cut lithium niobate with superconducting detectors, hybrid material approaches could
be explored, in which the detectors are fabricated on a substrate exhibiting lower intrinsic
pyroelectricity.

Ultimately, a particularly promising direction for future research lies in extending the
present work from Ti:PPLN to TFLN, offering much stronger optical mode confinement
and thus significantly higher nonlinear conversion efficiencies [101]]. The cryogenic
suitability of TFLN has already been demonstrated for various applications, including
nonlinear frequency conversion [[133], spectral filtering [[134]], and the integration of EOMs
with SNSPDs [[135]]. Although recent publications confirm that TFLN maintains excellent
performance at cryogenic temperatures, the role of pyroelectric and photorefractive effects
in cryogenic TFLN remains largely unexplored. A systematic investigation of these effects
would therefore be an important step toward understanding the fundamental limitations
of this platform.

Based on its strong confinement, efficient optical coupling to TFLN waveguides, both
using free-space alignment and fiber coupling, remains technically challenging. Consid-
ering the specific setup used in this work, substantial redesign of the employed cryostat
would be required to enable cryogenic TFLN characterization. Specifically, the working
distance of approximately 13 mm between the end facets and the external lenses prevents
the use of high-numerical-aperture objectives needed for efficient free-space coupling.
Cryogenic coupling could therefore require placing both the waveguide sample and the
objectives inside the cryostat chamber, on independently adjustable translation stages.
However, to realize this configuration, the repeatability of the movement steps at cryogenic
temperatures must be enhanced compared to the piezo positioners used in the current
system. In particular, the smaller mode sizes of the TFLN waveguides require highly pre-
cise positioning. Alternatively, the cryogenic TFLN chip can be mounted together with
a fiber (or fiber array), which is either positioned close to the end facet, or permanently
attached to the chip. Photonic packaging concepts employing on-chip grating couplers
that are permanently glued to optical fibers represent a particularly promising approach
for realizing stable cryogenic TFLN operation [194].
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6 Conclusion and Outlook

The combination of distinct approaches for active or passive control of the pyroelectric
fields - through optimizing the mitigation protocols, applying conductive coatings, or
modifying the waveguide design - represents a promising concept for future cryogenic
quantum photonics in lithium niobate.
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A.2 Statement on the Use of Artificial Intelligence

The following table outlines the generative Al tools and Large Language Models employed
during the preparation of this thesis. These tools were used to assist with the writing
process, improve linguistic clarity, and support data visualization, document formatting
and literature review tasks. Crucially, all Al-generated suggestions, summaries, and code
snippets were manually reviewed, verified against primary literature, and edited by the
author to ensure scientific accuracy and personal stylistic consistency. All scientific core
contents, data analysis, and interpretations remain the original, independent work of the

author.

Table A.1: Overview of Al tools and their specific applications in the preparation of this thesis.

Al Tool
Gemini 3 Flash

DeepL Translator

Perplexity Al

NotebookLM

OpenAI ChatGPT
(GPT-4)

Scope of Application and Usage

Linguistic Polishing: Assisted in refining technical descriptions
and academic tone and reorganizing complex sentences to
improve logical flow and readability.

KETEX & Technical Support: Assisted with typesetting and
troubleshooting, specifically debugging compiler errors.

Python Code Optimization: Optimized data plotting via
matplotlib, including the implementation of consistent global
styling, subplot alignment, and figure scaling.

Proofreading: Used for automated grammar and spell-checking
to ensure linguistic consistency for individual paragraphs.

Literature Screening: Generated initial summaries of research
papers to assess relevance. All selected manuscripts were
subsequently read and analyzed by the author.

Literature Synthesis: Assisted with the comparison of various
research papers. All findings were subsequently validated through
a direct comparison with the primary literature.

Idea Generation: Assisted in developing creative analogies for
the thesis introduction, leading to the concept of the “cryogenic
traffic jam” metaphor.
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A.3 Supplemental material to Chapter 3
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Figure A.1: Spectrum of the SHG beam used to pump the cryogenic proof-of-principle SPDC

process, as described in Section 3.1, The Gaussian fit provides the central wavelength
of (778.04 £ 0.01) nm and the bandwidth of (3.22 + 0.01) nm.

A.4 Supplemental material to Chapter 4

A.4.1 Further details for the keen experimental scientist

156

When operating the waveguide inside a crystal oven, it is important that the heated
waveguide is enclosed as good as possible. Any air flow results in slight temperature
changes and thus in fluctuations of the phase-matching spectrum. The default oven
cover was too thick to move the out-coupling lens close enough to the waveguide’s end
facet, but leaving the side wall open resulted in a recognizable air flow. For this reason,
I designed a customized side aperture which allows to move the lens close enough and
still keeps the required space to slightly move the sample and scan between different
waveguides.

Also included in the optical path of the pulsed laser, but not shown in the experimental
setup in Fig. 4.1 for the sake of clarity, are a Faraday isolator, a telescope setup, and a
biconvex lens for beam size adjustments. The isolator is crucial because otherwise, back
reflections from the end facet of the waveguide can lead to chaotic laser response and
potentially damage the laser. I set up a telescope consisting of two plano-convex lenses
with a focal length of 15 mm and 30 mm, respectively. The original laser beam is diverg-
ing strongly, while the telescope increases the beam diameter by a factor of two which
helps to collimate the beam over a longer distance. Additionally, another biconvex
lens with a long focal length of 1m is placed about 1m in front of the waveguide. This
results in a constant beam diameter at the position of the waveguide’s in-coupling lens.



A Appendix

The divergence of the pulsed beam over the setup distance was simulated beforehand
with a Gaussian beam simulation tool and the lenses were chosen accordingly.

+ Moreover, the free-space beam of the NIR laser was modified for waveguide coupling.
This laser is a diode laser which fundamentally emits an elliptical-shaped beam. If the
application requires a circular beam profile, this may necessitate the use of external
correction optics. However, the waveguide mode is asymmetric as well, as the Gaussian
profile is skewed in the vertical direction. For this reason, I decided to keep the elliptical
laser beam profile, but to ensure it is aligned in the correct orientation. For enhanced
overlap with the waveguide mode, the input beam should possess an asymmetric profile
that is skewed in the horizontal direction. This requires the initial laser beam to be
rotated by 90°. In addition, the optical axis of the emitted laser beam is originally 44 mm
lower than the optical axis height of the waveguide coupling stages. Consequently, I
installed a periscope immediately after the laser output to rotate the beam and raise the
optical axis, in order to meet both considerations. By implementing this periscope and
optimizing the focal length of the in-coupling lens, the transmission of the waveguide
at 950 nm was increased from approximately 30 % to 51 %.

A.4.2 Additional measurement data

% Measurement
— Gaussian Fit

25000
20000

15000

Counts

10000

5000

T T T T T T
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Figure A.2: Spectral shape of the generated pulsed SFG beam which is utilized as the pump light

for the cryogenic SPDC source. A Gaussian fit is applied to approximate the central
wavelength and the FWHM.
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(a) Waveguide 13-1
A = 1556 nm, Pol. = TE A =1556 nm, Pol. = TM A =950 nm, Pol. = TE A =950 nm, Pol. = TM

RT, Vented RT, Vacuum CT, Vacuum

RT, Opened

(b) Waveguide 14-2
A = 1556 nm, Pol. = TE A = 1556 nm, Pol. = TM A =950 nm, Pol. = TE A =950 nm, Pol. = TM

RT, Vented RT, Vacuum CT, Vacuum

RT, Opened

Figure A.3: Mode images taken within the measurement series described in Section 4.3.1. I recorded
an image for all four combinations of wavelength (1556 nm and 950 nm) and polar-
ization (TE and TM) during the following measurement conditions: 1.) cryogenic
temperatures, 2.) at room temperature, under low pressure, 3.) after venting the cham-
ber, and 4.) after opening the system.

158



A Appendix

(a) TE Polarization, T = 296 K
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(b) TE Polarization, T = 6.7 K
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Figure A.4: Normalized transmitted power through waveguide 13-1, measured while scanning the
input wavelength. The scan was performed using TE and TM polarization at room
temperature of 296 K and cryogenic temperature of 6.7 K. For better comparison, all
data is shown on the same y-axis scale.
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A.5 Supplemental material to Chapter 5

A.5.1 Measurements on the individual waveguide groups
Group 8: Pulsed SHG with increasing pump power

For each waveguide, the coupling of the pulsed pump beam was optimized for low trans-
mitted pump power of maximum 3 mW. To investigate the acceptable power threshold, in
the next step, the transmitted pump power was increased step-by-step while measuring the
SHG power. In every measurement, both detected power values dropped significantly when
exceeding a certain power threshold. This happened before the maximum available pump
power was reached. This threshold varied for the individual waveguides and cooldown
cycles.

Fig.|A.5 presents the trend of the generated SHG power over the transmitted pump power.
As expected, the SHG power scales quadratically (compare Eq. (2.11)). The waveguides
enabled SHG in every tested cooldown, albeit with varying conversion efficiencies and
different acceptable power thresholds. All waveguides presented the largest resilience to
high optical power in CD 6. This can be concluded from the increase of the transmitted
pump power to about 15 mW (generating approx. 150 yW SHG power) before the wave-
guiding collapsed. Notably, the waveguides 8-1 and 8-2 demonstrated a comparably high
threshold in the very first cooldown.

CD 1 and CD 5 were conducted following a heat-up of the sample. The highly similar
slope of the quadratic increase recorded for all waveguides in these cooldowns indicates
that the heat-up had a relaxing effect on the charge carrier distributions. After coupling
too high optical power to the waveguides in CD 1, both CD 2 and CD 4 demonstrated
lower conversion efficiency. This implies that the induced photorefractive damage is (to
some extent) maintained in subsequent cooldowns. However, according to this assumption,
the last cooldown would have been expected to demonstrate low conversion efficiency
as well. In contrast, all waveguides featured the best performance in the last cycle. This
suggests that the waveguiding was more strongly affected by the presence of disturbing
pyroelectric fields, rather than long term photorefractive effects.
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Figure A.5: Generated SHG power for the three waveguides of group 8 over the transmitted pump
power for the distinct cooldown cycles. The pump power was increased until both the
transmitted pump and the generated SHG power dropped abruptly.

Group 9: Pulsed SHG with low pump power

These measurements were performed with reduced pulsed power to evaluate the waveguide
performance if no photorefraction is induced. As the cryogenic waveguides demonstrate
high losses, the transmitted pump power was chosen as a reference for the actual optical
power guided through the waveguides. While optimizing on the generated SHG power, I
ensured that the transmitted power did not exceed 4 mW. After the setup was optimized,
the pump power was fine-tuned to meet this predefined target value with a precision of
+ 0.025 mW. At this point, the input pump power and the generated SHG power were
measured.

This measurement data is visualized in Fig. A.6 (a). Here, a high input power directly
corresponds to strong transmission losses. Large generated SHG power values coincide with
higher conversion efficiencies for fixed transmitted power. To evaluate the performance,
the absolute transmission of the pump beam T = Pyyans/ Py is calculated from the ratio of
the transmitted pump power Py to the input power Pi,. This transmission is presented
in Fig. A.6/(b) together with a measure for the conversion of the input beam to the SHG
beam, = Pspg/Pin. This figure of merit is calculated from the ratio of generated SHG
power Psyg to the detected input pump power.! Both the transmission and conversion
were initially limited in the very first cooldown. An apparent enhancement was measured

1Please note that the precise quantification of the external nonlinear conversion efficiency requires knowledge
of both the TE- and TM-polarized input power (compare Eq. (4.4)). As the input polarization was not
diagonal and the total power in each mode was not recorded for all measurements, a simplified conversion
parameter is introduced here in order to compare the performance across all waveguides and cooldowns.
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Figure A.6: Overview of the input pump power required to obtain a transmitted pump power of
(4.000 = 0.025) mW and the detected SHG power for WGG 9 within the individual
cooldown cycles. (a) Comparison of the raw measurement data and (b) calculated
transmission of the pump power and conversion of the input pump power to SHG
power.

following the second heat-up (between CD 4 and CD 5), with further improvement in the
final cooldown.

The pulsed measurement series for both WGG 8 and WGG 9 revealed that when inspecting
the polarization of the pump beam, after optimizing the experimental setup for maximum
SHG power, this beam was almost completely TM-polarized. This was verified by inserting
a PBS and measuring the optical power in both output arms. I measured 460 uW in the TE-
polarized port, which corresponds to only 2 % of the power measured in the TM-polarized
port (23.3 mW). The significant contrast between these powers indicates that the TM-
polarized mode experiences tremendous transmission losses which must be compensated
by excessive optical power levels. However, the TE-mode is guided well so that only low
power is required to enable the SHG process. This is consistent with the observation of the
transmitted modes on a fluorescent card. TE-polarized light generally featured a collimated
mode, while the TM-polarized mode profile was dominated by scattered noise, which
often complicated optimization of the coupling. Despite the low waveguide transmission
and weak SHG signals, the pulsed experiments for WGG 8 and WGG 9 were successful
throughout all cooldowns. This is in contrast to the CW SHG measurements which are
discussed next.
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Figure A.7: Cryogenically recorded phase-matching spectra for WGG 10, measured in the
cooldowns 5 and 6. In comparison to CD 5, the SHG power increased and the peak
shifted to longer wavelengths in the final CD 6.

Group 10: CW SHG with low pump power

This waveguide group was chosen to be operated exclusively with CW pump light, re-
stricted to low optical power, to assess the impact of pyroelectric distortions without
additional photorefraction. The pump laser was operated at its lowest power setting, cor-
responding to an input power of (7.88 + 0.24) mW. The pulsed excitation of WGG 8 and
WGG 9 yielded a detectable SHG signal within the first four thermal cycles, despite poor
waveguiding quality for TM-polarized light. However, I was not able to measure a spec-
trum for the three CW-operated groups, when repeatedly scanning the pump wavelength
around the expected phase-matching point of 1556 nm.

Like with the pulsed measurements, the waveguide performance improved in CD 5, fol-
lowing the second heat-up. This time, the TM-polarized beam could be coupled to the
waveguide, yielding a collimated mode. This transmitted mode still exhibited some scat-
tered light, which was in contrast to TE polarization. However, in comparison to the prior
cooling cycles, the general performance enhanced significantly.

CD 5 and CD 6 resulted in a measurable phase-matching spectrum for each waveguide,
shown in Fig. A.7, The scale on the y-axis was chosen to be uniform for all measurements
to visualize a strong increase in SHG intensity and signal-to-noise ratio in CD 6. While
the input power was kept constant, the average transmitted pump power increased from
about (1.63 £ 0.05) mW in CD 5 to (2.6 = 0.3) mW in CD 6. This observation demonstrates
significantly reduced transmission losses. Furthermore, the central wavelength of the
spectrum experienced a red shift by approximately 2 nm. This shift is similar for all three
waveguides. This indicates that changes in the “frozen-in” charge carrier distributions
happened to the complete waveguide group between CD 5 and CD 6.
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Group 11: CW SHG with increasing pump power

This group was analyzed with regard to increasing the pump power at cryogenic tem-
peratures to define a threshold of tolerated power. As for WGG 10, these measurements
were only successful in the last two cooldowns. The same pump wavelength scan was
performed in total twelve times while incrementally increasing the input power from
7.9 mW to the maximally available power of 25.1 mW. Within this range, the spectral shape
of the phase-matching spectra did not present significant changes. This is visualized in
Fig. A.8. All twelve measurements were normalized to the same peak power (measured
for maximum pump power) and subsequently averaged. These average curves are plotted
together with the spectra detected at maximum power in Fig. A.8 (a) and (b).

For each waveguide, the averaged curves match the spectra at highest pump power ex-
tremely well. This demonstrates that the pump power of up to 25.1mW did not induce
photorefractive damage under cryogenic conditions. This is consistent with the observa-
tions from Chapter 3, where the cryogenic SHG process was pumped with 22.0 mW and
exhibited a phase-matching spectrum close to the ideal shape (Fig.|3.4). Here, the spectra
exhibited an asymmetric shape already at the start of the measurement series. This shape
was similar for all three waveguides, which suggests again a pyroelectric charge carrier
distribution which spans across the entire group. While these pyroelectric distortions alter
the general shape, this shape was not additionally affected by the available pump power.

Fig. A.8 (c) shows that the peak intensities of the generated SHG signal increased sub-
stantially from CD 5 to CD 6, consistent with the observations for WGG 10. Here, in both
cooling cycles, the generated SHG power scaled quadratically with the input power. The
onset of photorefraction would cause a deviation from the quadratic trend, which was not
observed in the investigated power range. For these reasons, the presented data implies a
common, unpredictable waveguide distortion due to pyroelectricity, while an optical power
of up to 25 mW does not induce photorefraction if the general cryogenic waveguiding is
sufficient to enable SHG.
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Figure A.8: Cryogenic SHG response of WGG 11 when incrementally increasing the input pump
power in twelve steps. For each waveguide, all measured spectra were normalized (to
the peak for maximum pump power) and averaged. This average curve is shown in (a)
and (b) together with the spectrum measured at maximum power, to visualize that no
considerable alterations were recorded when increasing the power. (c) The generated
SHG peak power scales quadratically with the input power. The data for CD 5 and
CD 6 are plotted together with a quadratic fit on the same y-axis, to demonstrate the
large difference in conversion efficiency.
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Group 12: CW SHG with high pump power and green laser coupling

The generated SHG power for this waveguide group was directly optimized while operating
the waveguides at highest CW pump power (25.1mW). While the results for WGG 11
demonstrated no onset of photorefraction, here, the effect of the green laser is evaluated on
any “frozen-in” charges, that can also originate from pyroelectricity. The phase-matching
spectrum was recorded repeatedly while the green laser was coupled to the waveguide in
between the measurements. The green light was activated for a duration of 2 min and then
turned off again before the next phase-matching spectrum was recorded. This procedure
was conducted three times. The data is shown in Fig. A.9.

In comparison to CD 5, the initial phase-matching spectra without green light exposure
demonstrate a general shift by approximately 2 nm in CD 6. This shift is accompanied by a
significant increase in the generated peak power. Both observations are consistent with
the results for the other two groups that were investigated with CW light. When activating
the green laser diode, a different response of the waveguides was measured in the two
cycles. In CD 5, the central wavelength of the main peak was barely affected. However,
in CD 6, the main peak was shifted by about 1nm to smaller wavelengths directly after
the first exposure interval. No further shift was observed in the subsequent two intervals.
Consequently, the main changes in the spectra happened directly within only 2 min of
green illumination.

The total spectral shape remained mostly unchanged in both cooldowns when coupling
the green laser beam. The spectra exhibit an asymmetrical shape with dominant side peaks
located only on the shorter wavelengths side. The same general shape was also observed
for WGG 10 and WGG 11. This strongly indicates a charge carrier distribution which
spreads across several waveguide groups so that the refractive index profiles along these
waveguides are altered in a highly similar way. The non-reproducible waveguide response
to the green laser beam implies that this method cannot be considered a reliable technique
to enhance the cryogenic waveguide performance. While the method clearly induced a
homogeneous shift of the complete phase-matching spectra in the final cooldown, both
the generated peak power and the spectral shape were not improved. For this reason, this
mitigation protocol demands further studies and optimization.
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Cryogenic phase-matching spectra for WGG 12 when pumping the SHG process with
a CW input power of 25.1mW. The green laser diode was activated between the
individual measurements for a consistent time interval of 2 min. Note that waveguide
12-1 was operated differently in cooldown 5, as this first measurement was employed
to perform additional alignment of the green beam and to define a reasonable time
interval to test the green exposure for the other waveguides.
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A.6 A narrative about the cryogenic traffic jam

The main results of this thesis on the cryogenic effects of pyroelectricity and photorefrac-
tion can be illustrated by revisiting the “cryogenic traffic jam” metaphor. This narrative is
meant to express the impact of both effects in a generally understandable way and does
not claim physical correctness and completeness.

In this framework, the waveguide is a city street monitored across an extensive temperature
range (compare Fig. A.10). On a warm summer day, the photons (represented here by
cyclists) propagate freely. Even with cars (charge carriers) on the road, cyclists can navigate
the route almost unhindered. However, as the temperature drops significantly in winter
and large amounts of snow are falling on the street, the mobility of the system is restricted.
The accumulation of pyroelectric charges during the cooldown acts like a buildup of stalled
vehicles, which can lead eventually to a state where the system “freezes in”.

This jam is further impaired by the introduction of light, such as a strong optical pump.
Within our metaphor, the enhanced accumulation of charges due to the photorefractive
effect corresponds to the increased volume of cars during daytime. The obstacles on the road
cause a local retardation of the flow. Much like cyclists experience small delays that prevent
a steady pace if they must navigate around snow and standing cars, photons encounter
localized refractive index modifications. These variations cause unwanted phase shifts,
meaning the interacting waves are no longer synchronized, leading to phase-matching
distortions. If the road becomes too congested, cyclists may be forced to deviate from
their path entirely. This is analogous to spatial mode distortion; when the refractive index
changes are sufficiently strong, they act as scattering centers. The photons are then diverted
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Figure A.10: [llustration of the cryogenic implications on the waveguide performance. The wave-
guide is occupied by charge carriers of various mobility. (a) Under warm conditions
in summer, photons can move freely, regardless of whether it is day or night. (b) The
cooldown is analogous to winter conditions at night; pyroelectric charges accumulate
and become trapped due to the system’s low mobility. (c) Under daytime illumination,
photorefraction generates additional charges, which adversely affect the waveguide
transmission by introducing further perturbations. Cyclists must adjust their pace
locally or deviate from their route.
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into the substrate, resulting in increased transmission losses. Finally, while the photons do
not change their group velocity, their movement is increasingly perturbed by the trapped
charges, leading to degraded waveguide performance at cryogenic temperatures.

Chapter 4 investigated the implications on the orthogonal polarizations. If these are visual-
ized as two separate streets, the “TE street” appears better shielded from the environment,
while the “TM street” remains fully exposed to the elements. The photons (cyclists) can
travel along either street. However, the TE street is routed through a protective tunnel
(compare Fig. A.11), allowing traffic to flow almost entirely unaffected by the weather.
In contrast, on the exposed TM street, the cars (charge carriers) move slowly or stop as
the temperature drops. This resulting congestion - symbolizing the “frozen in” charges
- disturbs the propagation of TM-polarized modes. Crucially, the severity of this traffic
jam is a probabilistic process. Just as every snowy day does not result in the same level
of traffic chaos, not every cooldown cycle produces identical charge distributions. This
explains why TM-polarized photons experience variable propagation losses across different
experimental cycles.

TM-Street

o

TE-Street /

Figure A.11: [llustration of the polarization-dependent impact of cryogenic operation. The ortho-
gonal modes are represented as distinct paths: the “TE street” is effectively shielded
from cryogenic disturbances, depicted here as a protective tunnel. In contrast, the
“TM street” is highly susceptible to weather conditions.

The experiments presented in Chapter 5|shifted the focus from observing the traffic jam, to
actively regulating the flow. The auxiliary green beam can be pictured as activating a set
of carefully timed traffic lights. Their purpose is to temporarily mobilize the stalled cars by
providing localized energy. It was shown that this illumination does not always produce
identical outcomes. Sometimes the lights are perfectly synchronized and the flow improves,
at other times they fail and the traffic remains stalled. Likewise, thermal annealing can be
seen as sending a road-maintenance crew to clear the snow from the streets and tow away
stranded cars. However, when the temperature drops again, new cars eventually get stuck
on the same streets and the traffic rearranges into a different pattern.
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Together, these mitigation strategies reveal that the cryogenic streets are not immobilized
permanently: with the right combination of optical energy and thermal annealing, its
internal traffic can still be guided into motion. Ultimately, achieving stable cryogenic
operation requires learning the underlying traffic rules - the interplay of pyroelectric and
photorefractive effects that dictate how and when mobility can be restored. Once these
rules are understood, the cyclists can continue their journey even through the deepest
winter.
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