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Abstract

The consistent generation of single photons with well-defined properties in
all degrees of freedom is crucial for the development of photonic quantum
technologies. Today, the most prominent sources of single photons are based on
the process of spontaneous parametric down-conversion (SPDC) where a pump
photon spontaneously decays into a pair of signal and idler photons inside a
nonlinear medium.

Cavity-enhanced SPDC, i.e., placing the nonlinear medium inside an optical
cavity, is widely used to build photon-pair sources with increased brightness
and tailored spectral properties. This spectral tailoring by selective adjustment
of the cavity parameters is of particular importance for hybrid quantum tech-
nologies which seek to combine dissimilar quantum systems in a way that their
advantages complement each other.

This thesis provides a comprehensive theoretical and experimental analysis
of triply-resonant cavity-enhanced SPDC. We improve the theoretical model
found in the literature such that the influence of all resonator properties on the
important experimental parameters (e.g., the generation rate) can be analyzed
in detail. This convenient and highly accurate model of cavity-enhanced SPDC
represents an important basis for the design and optimization of novel photon-
pair sources.

The experimental part of this thesis presents the setup and characterization of
a triply-resonant photon-pair source. We describe the digital control system
used to operate this source over days without manual intervention, and we
present a highly stable, narrow-linewidth monochromator based on cascaded,
polarization-independent monolithic Fabry-Pérot cavities.

Utilizing these temperature-stabilized cavities as a spectrum analyzer, we verify,
for the first time, the frequency comb spectral structure of photons generated
by cavity-enhanced SPDC. We further simulate and measure the impact of the
pump resonance on the temporal wave-packets and the two-photon interference
of signal and idler photons.

Finally, we present a series of experiments in the context of hybrid quantum
networks where we employ quantum frequency conversion (QFC) to transfer
the generated signal photons into the telecommunication band. We verify
the preservation of the temporal wave-packet upon QFC and highlight how
quantum networks can benefit from advanced commercial telecommunication
technologies.





Zusammenfassung

Die verlässliche Erzeugung einzelner Photonen mit wohldefinierten Eigenschaf-
ten in allen Freiheitsgraden ist entscheidend für die Entwicklung photonischer
Quantentechnologien. Derzeit basieren die wichtigsten Einzelphotonenquellen
auf dem Prozess der spontanen parameterischen Fluoreszenz (SPF), bei dem
ein Pumpphoton in einem nichtlinearen Medium spontan in ein Paar aus Signal-
und Idlerphotonen zerfällt.

Resonator-überhöhte SPF, also das Plazieren des nichtlinearen Mediums in
einem optischen Resonator, ist ein weit verbreitetes Verfahren, um Einzelphoto-
nenquellen mit erhöhter Helligkeit und angepassten spektralen Eigenschaften
zu konstruieren. Das Anpassen der spektralen Eigenschaften durch gezielte
Auswahl der Resonatoreigenschaften ist besonders für hybride Quantentechno-
logien von Bedeutung, welche darauf abzielen, unterschiedliche Quntensysteme
so zu kombinieren, dass sich deren Vorteile ergänzen.

Diese Arbeit stellt eine umfassende theoretische und experimentelle Analyse der
dreifach resonanten SPF vor. Das aus der Literatur bekannte theoretische Modell
wird diesbezüglich verbessert, dass der Einfluss sämtlicher Eigenschaften des
Resonators auf die wichtigen experimentellen Größen (z.B. die Erzeugungsrate)
gezielt ausgewertet werden kann. Dieses verbesserte und hoch genaue Modell
stellt eine wichtige Grundlage für die Entwicklung und Optimierung neuartiger
Photonenpaarquellen dar.

Im experimentellen Teil dieser Arbeit wird der Aufbau und die Charakterisierung
einer dreifach resonanten Photonenpaarquellen präsentiert. Die neu entwickelte
digitale Regelelektronik sowie ein hochstabiler, schmalbandiger Monochromator
welcher auf monolitischen, polarisationsunabhängigen Fabry-Pérot Resonatoren
basiert, werden vorgestellt.

Indem diese temperaturstabilisierten Resonatoren als Spetrumanalysator ver-
wendet werden, wird zum ersten Mal die Frequenzkammstruktur des Spektrums
der erzeugten Signal- und Idlerphotonen nachgewiesen. Des Weiteren wird der
Einfluss der Pumpresonanz auf die Korrelationsfunktion und die Zweiphotonen-
interferenz von Signal- und Idlerphotonen simuliert und vermessen.

Abschließend werden Experimente aus dem Bereich der hybriden Quanten-
netzwerke präsentiert, in welchen Quantenfrequenzkonversion verwendet wird
um die erzeugten Signalphotonen in das Telekommunikationsband zu transfe-
rieren. Dabei wird nachgewiesen, dass das temporale Wellenpaket durch die
Konversion nicht beeinflusst wird und aufgezeigt, wie Quantennetzwerke von
kommerziellen Telekommunikationstechnologien profitieren können.
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Introduction

In recent years, enormous progress has been made in the field of quantum
technology.1 After a period of steady progress towards major goals in quan-
tum computing, quantum simulation, quantum communication, and quantum-
enhanced sensing, quantum technology has arrived at a stage where the transi-
tion from basic research to applied science is eminent. Governments all around
the world recently are launching large research programs to promote quantum
technologies. The most prominent field, namely quantum computation, has
gained much public attention since large multinational companies have teamed
up with research institutes in the development of quantum computers and have
invested heavily in this field.

In quantum computing, the most promising technologies2–4 have recently taken
important steps towards scaling laboratory setups to larger qubit numbers
and towards fault tolerant computations.5–7 The science community vividly
discusses whether the next generation of quantum computers can outperform
classical super computers in certain computational tasks.8–13 The related field of
quantum simulation also profits from the upscaling of the experimental setups
to larger qubit numbers.14,15

Current experiments in the field of quantum sensing16 show how the revolu-
tionary developments in this field pave the way to an everyday use of quantum
technologies in various applications. Both in basic research as well as in applica-
tions quantum-enhanced sensing shows the potential to outperform classical
measurements.17 Entanglement-enhancedmicroscopes18 and gyroscopes19 have
recently been presented, for example. Another example are photonic quantum
technologies which can be utilized to overcome the classical shot-noise limit in
interferometry.20

The fields of quantum communication and quantum information distribution
are also rapidly evolving. Advances in the field of optically interfaced solid-
state spins21 have led to spectacular22,23 experiments presenting, e.g., en-
tanglement distillation between solid-state quantum network nodes,24 or a
deterministic delivery of entanglement on a quantum network.25 Currently,
researchers are discussing possible realizations of global quantum networks
and their potential applications in the near future.26,27 Even the first functional
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implementations of space-borne, satellite-relayed quantum networks have been
demonstrated.22,23,28

Single and entangled photons. Single and entangled photons play a key role in
quantum technology. Especially in the fields of quantum sensing and quantum
communication, photonic quantum systems are ubiquitous. With the success
of hybrid quantum systems in recent years, the demand for high-brightness
sources of (entangled) photons tailored to specific transitions of various quantum
emitters has increased. To optimize the interaction of photons with other
quantum systems, one needs to tailor the properties of the photon wave-packets
in all degrees of freedom.

Recent conducted experiments verify that semiconductor quantum dots can
meet these requirement. They feature outstanding properties in terms of single-
photon purity, on-demand generation and brightness.29–31 Therefore, quantum-
dot-based single-photon sources are approaching the ideal of a photon gun
which would be highly useful for many applications.

But, these kinds of single-photon sources require sophisticated cryogenic setups
and rely on complicated manufacturing processes. Given these practical limita-
tions, the widely applied process of spontaneous parametric down-conversion is
a viable alternative to state-of-the-art single-photon sources like quantum dots
or vacancy centers in crystals.

Spontaneous parametric down-conversion. The process of spontaneous parametric
down-conversion (SPDC) is of eminent importance for a wide range of ex-
periments in quantum optics.32–39 Due to its ease of use40 and its versatility,
spontaneous parametric down-conversion is the most prominent source of non-
classical light. The non-classicality stems from the principle that a photon from
a (classical) pump beam can spontaneously decay into a pair of so-called signal
and idler photons inside a nonlinear medium (Fig. 0.1). The simultaneous
generation of the two photons in a single process gives rise to a rich structure
of non-classical correlations between the signal and idler photons.

Key advantages of SPDC. There are several advantages of photon-pair sources
based on spontaneous parametric down-conversion over other known photon-
pair sources: They can be operated at room temperature and do not require
elaborate cryogenic or vacuum setups. One can exploit the simultaneity32,41
of the generation process for so-called heralded single-photon sources. The
detection of an idler photon at a specific point in time heralds the presence of
the corresponding signal photon. This localization in time32 of a single photon
wave packet offers a convenient method to enhance the signal-to-noise ratio in
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Figure 0.1 | Simplistic picture of spontaneous parametric down-conversion. a,A photon from the pump beam can
spontaneously decay into a pair of so-called signal and idler photons inside a nonlinear crystal under energy
and momentum conservation. b, The energy of the pump photon is conserved, i.e. the sum of signal and
idler energies corresponds to the pump photon energy: }ls+}li = }lp, whereln is the frequency of
the corresponding field. c,An analogous expression for the photon momenta kn can be found: kp = ks+ki.
In spontaneous parametric down-conversion, conservation of momentum is called phase-matching.

many experiments analogous to a lock-in amplifier which localizes a signal in
frequency space.

Additionally, due to the nonlinear correlations between signal and idler photons,
photon-pair sources based on SPDC can produce pairs of photons which are
entangled in various degrees of freedom.42–50 The central wavelength can be
tuned from the ultraviolet51 to the far infrared52 and the spectral bandwidth
of the generated photons can vary over many orders of magnitude.53,54 Under
certain conditions, the spectral structure of photons generated by SPDC is nearly
independent of laboratory parameters. Therefore, SPDC allows for defining a
primary radiation standard.55

Shortcomings and limitations. Despite their wide use in quantum optics experi-
ments, photon-pair sources based on spontaneous parametric down-conversion
also have several drawbacks:

• Due to the spontaneous nature of the process, photon pairs are always
generated stochastically. With continuous wave pumping, the exact point
in time when a photon pair is generated cannot be predicted. If a pulsed
pump is employed, the experimenter cannot influence which pump pulse
produces a photon pair.

• The photon pairs have thermal statistics:56–58 There is always a non-
vanishing probability to generate more than one pair simultaneously. The
probability to generate double pairs can be made arbitrarily small, but
only to the expense of a strong reduction in brightness.

• The process is very inefficient. Typically, not even one in 109 pump photons
is converted into a photon pair with bulk nonlinear crystals.59 This ratio
can be improved by several orders of magnitude with integrated structures,
e.g. waveguides60,61 or micro resonators,62–65 but these kinds of structures
increase the experimental complexity and often suffer from higher losses
than bulk optics.
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• In general, the photons are not generated in a pure quantum state required
for many applications in quantum computing,66 quantum information
processing and quantum communication.67 The generation of photons in
pure quantum states involves either lossy filtering68,69 or a careful design
of the down-conversion source.70,71 This limits the flexibility of SPDC
based photon-pair sources.

Historical overview. Louisell and coworkers72 first predicted the generation of
photon pairs by zero-point fluctuations or a spontaneously decaying pump
photon in 1961. The first experimental evaluation of the spectral characteristics
and the brightness of the parametric fluorescence was performed some years
later by Harris and colleagues.73 About the same time, Mollow74,75 theoretically
analyzed the photon statistics of parametric processes and Graham derived a
quantum theory for optical parametric oscillation.76,77

In the beginning of the 1970s with the advent of low-noise single-photon de-
tectors, this led to the first experimental realization of a photon-pair source
by Burnham and Weinberg,78 who also evaluated the simultaneity, energy and
momentum conservation.

A full quantum theory of spontaneous parametric down-conversion with em-
phasis on the very short correlation time (small time separation) was derived
by Hong and Mandel41 in the 1980s. The theory was verified by time-resolved
photon counting in 1985.79 Shortly thereafter, Hong and colleagues published
the first experimental realization of a localized one-photon state (heralded
single-photon source).32 With this novel source of single photons, Hong, Ou
and Mandel33 were able to realize genuine two-photon interference at a beam
splitter for the first time. Recently, even three-photon interference with photons
generated by spontaneous parametric down-conversion has been shown.37,38

Improved single-photon detectors and a deeper theoretical understanding
paved the way for the first demonstration of entanglement between the pho-
tons in a pair. The first (polarization) entanglement of down-converted pho-
tons was shown in 1988.42,43 Later on, time-energy entanglement,44 time-bin
entanglement,80–83 momentum-position entanglement,46 orbital angular mo-
mentum entanglement,45,84 path entanglement,48 and, recently, frequency-bin
entanglement50 have been shown.

Even photon-pair states entangled (or hyper-entangled) in all degrees of free-
dom have been generated.47 And, by combining multiple photon-pair sources,
it became possible to entangle more than two photons. While, in 1997, Bouw-
meester and coworkers generated an entangled state of three photons,85 the
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number steadily increased,49,86–90 culminating in the entanglement of 10 pho-
tons in 201790 and the entanglement of 18 qubits91 using six photons with
three degrees of freedom each in 2018.

Application of SPDC in modern experiments. Ambitious long-term goals such as large-
scale quantum communication67,92–95 or quantum computation based on pho-
tonic quantum states66,96–98 have high demands on the fidelity, purity, and
determinism in the generation process of single photons or photon pairs. Due
to the aforementioned shortcomings, photon-pair sources based on SPDC are
limited in their usefulness for these kinds of applications.

In recent years, mayor improvements of single-photon sources based on quantum
dots have been achieved.99–105 Even on-demand generation of polarization-
entangled photon-pairs is feasible with quantum dots.31

Despite the aforementioned shortcomings and the major improvements of al-
ternative technologies, SPDC based photon-pair sources are still ubiquitous in
experimental quantum optics and in research projects working towards the
aforementioned long-term goals. Due to their ease of use and their flexibility,
they are often the mechanism of choice to generate single or entangled photons
in prove-of-principle experiments. This makes SPDC based photon-pair sources
a versatile tool for prototyping and verification of novel ideas. It is, for example,
not surprising that the first realisation of space-borne entanglement distribution
is based on SPDC.22

Hybrid quantum systems. Hybrid quantum systems106 are increasingly successful
at combining different quantum systems with complementary properties and
functionalities to overcome fundamental barriers which cannot be overcome by
the individual quantum systems. The spectral width of photons generated by
spontaneous parametric down-conversion is typically of the order 100GHz to
THz. If one wants to interface the generated photon pairs with other systems (e.g.
atomic transitions,107 quantum dots,108 or quantum memories) bandwidths on
the order of several MHz to GHz are required. This normally requires aggressive
spectral filtering109,110 of the photon pairs with an associated dramatic reduction
in brightness.

Cavity-enhanced spontaneous parametric down-conversion. A convenient method to
overcome this limitation of SPDC is to place the nonlinear material into an
optical cavity with an appropriate linewidth (see Fig. 0.2).111 The bandwidth
of the generated photons then depends on the cavity decay rate and can easily
be adjusted via the reflectivity of the cavity mirrors. Additionally, the cavity can
enhance the brightness of the source: Compared to a non-resonant photon-pair
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source with the same non-linear crystal, the cavity can increase the photon-pair
generation rate by orders of magnitude.

The concept of placing a nonlinear crystal into an optical cavity to generate
non-classical light originates in 1984.112–114 It was first discussed and applied in
the context of squeezed-state preparation where an optical parametric oscillator
is operated close to its threshold. The first proposals of cavity-enhanced photon-
pair generation via SPDC date back to 1999.111,115,116

Soon thereafter, several groups presented various experimental realizations
of cavity-enhanced sources of heralded or entangled photons.111,117–121 Since
then, these sources of non-classical light have been improved and optimized for
various applications.53,65,82,122–141 Recently, the results of several experiments
have been published which no longer merely focus on the design and optimiza-
tion of these photon-pair sources, but, instead, present practical applications
thereof.107,142–150

Currently, in the literature, new realizations of cavity-enhanced photon-pair
sources are still being published. All of these novel publications have in common
that they aim at an interaction of the generated photons with other quantum
systems, i.e., to build hybrid quantum systems. Various groups have recently
presented atom-resonant photon-pair sources.151–154 Interfacing photons gen-
erated by cavity-enhanced SPDC with rare-earth doped crystals155–159 or single
ions140 is receiving much attention.

Outline of this thesis

Against the background of continuing scientific interest in the development
and experimental applications of cavity-enhanced photon-pair sources, this
thesis provides a comprehensive analysis of triply-resonant cavity-enhanced
SPDC. The analysis covers three aspects: Following a theoretical discussion
of cavity-enhanced SPDC, we describe the experimental implementation of a
cavity-enhanced photon-pair source and its characterization. Finally, this thesis
presents the results of a series of experiments that exploit the specific properties
of the above-mentioned photon-pair source.

Theoretical foundations. Chapter 1 presents the theoretical foundations of this
thesis. We derive the quantum theory of cavity-enhanced SPDC with a focus on
the analysis of double-pass pumping and pump-resonant linear cavities. The
main objective of this chapter is to derive a convenient model with which the
cavity geometry can be optimized to maximize the photon-pair generation rate
while maintaining a high heralding ratio.
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Figure 0.2 | Schematic of cavity-enhanced spontaneous parametric down-conversion. The generation of signal and
idler photons can be enhanced by placing the nonlinear crystal into an optical resonator. This configuration
is also called an optical parametric oscillator. The cavity increases not only the brightness of the photon-
pair source, it also alters the spectral structure of the generated photons. Signal and idler photons are
generated only at the resonance frequencies of the cavity. Additionally, the two photons of a pair must still
obey energy conservation.

At the heart of the theoretical analysis lies the joint spectral amplitude of the
two-photon state generated by cavity-enhanced spontaneous parametric down-
conversion. Building on established theoretical models of cavity-enhanced
parametric down-conversion,111,129,130,136,137,160–162 this thesis refines the ex-
pression for the joint spectral amplitude. Specifically, the refined expression
takes account of the interaction of Gaussian beams inside (linear) cavities and
covers a wide range of different cavity configurations and geometries.

The refined expression for the joint spectral amplitude also takes the loss of
photons inside the cavity and at the cavity mirrors into account. Exploiting this
model, chapter 1 highlights the strong impact of photon losses on the brightness
and the cavity-escape efficiency for larger values of the cavity finesse. These
two parameters cannot be optimized independently. Regarding experimental
implementation, this indicates that the trade-off between brightness and herald-
ing ratio has to be taken into account in the design process of a cavity-enhanced
photon-pair source.

Most importantly, the first chapter of this thesis contributes to the literature on
cavity-enhanced SPDC by deriving and verifying a theoretical expression for
absolute values of the photon-pair generation rate depending on the pump power
and the cavity geometry. Special care has been taken to specify the brightness
only in terms of parameters which are directly accessible in the design process
of a new experimental setup.

The model is in good agreement with experimental results gathered for a broad
range of different cavity configurations ranging from low-finesse conventional
cavities to high-finesse monolithic resonators. Therefore, the first chapter of this
thesis provides researchers in the field of quantum optics with an approachable,
ready-to-use model which can serve as a basis for the development and opti-
mization of novel cavity-enhanced photon-pair sources. Accordingly, chapter 1
provides the theoretical background for our experimental implementation of a
cavity-enhanced photon-pair source and its characterization, which we describe
in the subsequent chapter of this thesis.
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Experimental implementation of a triply-resonant photon-pair source. In the second part
of this thesis, we describe the experimental implementation of a cavity-enhanced
photon-pair source based on SPDC which is resonant to the cesium D1-line.
The linewidth of the generated photons is larger than the natural linewidth
of the hyperfine transitions. It is designed to match the storage-bandwidth of
several quantum memories based on room-temperature cesium vapor.163–166
Furthermore, this combination of wavelength and linewidth also matches the
properties of photons generated by InGaAs quantum dots.108,167,168

Regarding the technical aspects, chapter 2 addresses two important building
blocks for the experimental implementation of cavity-enhanced photon-pair
sources: the development of improved monolithic filter cavities as well as
the use of digital cavity locking electronics. Chapter 2 presents an important
technical improvement of the concept of a monolithic Fabry-Pérot cavity, which
allows for polarization-independent spectral filtering. Additionally, we use the
intrinsic frequency stability of the filter cavity to develop a novel high-precision
monochromator and a high-resolution spectrum analyzer. Combined with single-
photon detectors, this setup provides excellent spectral resolution for extremely
weak signals. Furthermore, experiments based on cavity-enhanced SPDC with
conventional cavities require a sophisticated feedback control system to stabilize
the mirror spacing over long measurement durations. By the introduction of
a digital locking scheme instead of the previously-employed analog control
system, we achieve a significant improvement in the long-term stability of our
experimental setup.

Characterization of a triply-resonant photon-pair source. Apart from the technical im-
provements introduced in the first part of chapter 2, we also present an in-depth
experimental characterization of cavity-enhanced photon-pair sources. In this
aspect, the main contribution of chapter 2 lies in the special emphasis on the
pump resonance condition and the direct comparison of high-resolution spec-
tral and temporal measurements of the two-photon wave packet. Due to the
interference of photons generated in the forward direction and photons gen-
erated in the backward direction, we are able to identify and experimentally
verify a rich spectral and temporal structure. The theoretical model developed
in chapter 1 and the measurements presented in chapter 2 are in excellent
agreement, which further corroborates the theoretical findings presented in
chapter 1. Furthermore, chapter 2 provides the verification that our designed
photon-pair source generates entangled photons. Thereby, this thesis opens the
way towards building prove-of-principle experiments like quantum teleportation
between pair photons and quantum dot spins, or pair photons and collective
spin excitations in room-temperature cesium vapor, that fall into research field
of hybrid quantum networks.
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Hybrid quantum networks. Chapter 3 discusses experimental results which are also
linked to the field of hybrid quantum networks. Hybrid quantum systems106 aim
at combining different quantum systems with complementary properties and
functionalities to overcome fundamental barriers which cannot be overcome by
the individual quantum systems. If quantum information is transferred from one
such quantum system to another via single photons over optical fibers, often,
quantum frequency conversion to telecommunication wavelengths is beneficial
to avoid photon losses inside the fiber.

Chapter 3 presents the quantum frequency conversion of heralded single photons
generated by the cavity-enhanced photon-pair source presented in chapter 2.
We provide evidence that the structure of the temporal wave packets of the
heralded photons is unaffected by the conversion process. Operation at telecom
wavelength allows us to use advanced telecommunication technology, e.g., for
fast wave-packet modulation. Therefore, in chapter 3, we present a potential
route to interface dissimilar quantum systems via optical fibers. We match the
spectral as well as the temporal wave packets from one quantum system to
another and, thus, optimize their interaction.

Chapter 4 summarizes the main results of this thesis and points out promising
areas of future research.





1 Triply-resonant cavity-enhanced spontaneous
parametric down-conversion

This chapter lays the theoretical foundations of this thesis by providing a detailed
model of triply-resonant spontaneous parametric down-conversion. In the fol-
lowing, we introduce cavity-enhanced photon-pair sources with the description
of a exemplary realization. Subsequently, we define the main objective of this
thesis, namely the design and optimization of a cesium-resonant photon-pair
source with a linewidth of 100MHz. Finally, we summarize the outline and
contributions of this chapter.

Cavity-enhanced photon-pair sources. An example of a cavity-enhanced source of
frequency-degenerate pairs of photons is shown in Fig. 1.1. It utilizes type-II
phase matching, where signal and idler photons are polarized vertically. Type-II
phase matching offers the advantage that signal and idler photon – even at
frequency degeneracy – can be deterministically split by a polarizing beam
splitter. This splitting is especially important in applications where the down-
conversion source is used as a heralded single-photon source and signal and
idler photons are degenerate in frequency. Another advantage of type-II phase
matching is that a cavity-enhanced source can be used to produce polarization-
entangled photons with a small spectral bandwidth.118,125

Example of a small-bandwidth cavity-enhanced SPDC source. To introduce the main
objective of this thesis, the following paragraphs discuss a practical example of
a cavity-enhanced source of photon pairs. The original setup of Scholz et al.128
consists of a 2 cm long periodically poled potassium titanyl phosphate (PPKTP)
crystal placed in a 6 cm long, spherical cavity with a high finesse (F = 265) at
the signal and idler wavelength. This results in a linewidth of only 3MHz. The
cavity is locked to a resonance of the pump beam via a piezo-electric transducer.
To achieve simultaneous resonance of all three fields, an additional (non-poled)
KTP crystal is placed next to the down-conversion crystal. This compensation
crystal has the same length as the PPKTP crystal but is turned by 90° around
the optical axis. With this configuration, the free spectral range (FSR) of the
cavity is identical for signal and idler photons. By tuning the temperature of
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Figure 1.1 | Cavity-enhanced parametric down-conversion with compensation crystal. a, Experimental setup of the
cavity with the periodically poled KTP down-conversion crystal of length l placed at the focus of pump
beam. The non-poled compensation crystal of the same length is made from the same material and is cut
the same way. It is rotated about the optical axis by 90° with respect to the down-conversion crystal. The
free spectral ranges (FSR) of signal and idler fields are identical, since the two polarization directions share
the same optical round-trip path length. A spectral filter is used to select only signal and idler photons
which are degenerate in frequency. b, The signal spectral density

��k(ls)
��2 ( ) is the product of the non-

resonant parametric gain envelope ( ) and a joint resonance function. With the configuration depicted in
a, the signal and idler free spectral range is identical, giving rise to a series of equally-spaced spectral modes.
The spectral width∆lSPDC of non-resonant down-conversion is defined by the length and dispersion of
the nonlinear crystal. The width of the individual modes∆ls is given by the length and signal/idler finesse
of the cavity. Here, the degenerate case is shown, where there is a mode in the center of the spectrum for
which signal and idler photons are indistinguishable in frequency. For many experiments, only this mode
is needed and all other photons are discarded by spectral filtering.
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the crystals individually, the resonance frequencies of the three fields can be
adjusted to achieve the desired triple resonance condition.

The mirrors are coated so that the cavity is triply resonant for both pump,
signal and idler fields. The first mirror M1 is highly reflective for signal and idler
photons and is partially reflective at the pump wavelength. For the second mirror
M2 the reflectivity is reversed, being highly reflective at the pump wavelengths
and partly reflective at the signal/idler wavelength. Therefore, the cavity can
be pumped from the left, while most of the generated photons leave the cavity
through mirror M2. The spectrum of the signal and idler photons is determined
by the length and temperature of the crystals, the reflectivity of the mirrors and
the absolute length of the cavity.

Objective: Design of a 100 MHz bandwidth SPDC photon-pair source. One important ob-
jective of this thesis is the design and optimization of a photon-pair source
based on the design of M. Scholz and coworkers, but with a broader spectral
bandwidth. The following requirements should be met:

Wavelength and triple resonance: The wavelength of signal and idler photons should
be degenerate at the cesium �1-line of 894.3 nm. To generate signal
and idler photons, which are indistinguishable in frequency, the cavity
resonances of the pump, signal and idler fields should be independently
tunable to achieve triple resonance.

Spectral bandwidth: The bandwidth of the spectral modes of the generated photons
should correspond to the bandwidth of photons generated by solid-state
quantum dots, i.e. in the range169,170 of 100MHz to 1GHz. This band-
width would also allow for storage of the generated photons in a quantum
memory based on neutral cesium atoms.110,166,171,172

Brightness and pump power: The brightness (i.e. the number of generated photon
pairs per second per mW of pump power) of the photon-pair source
should be as high as possible. The pump power required to produce 0.01
photon pairs per temporal mode138,173 (this corresponds to a photon-pair
generation rate of about 5MHz) should not exceed 100mW so that a
convenient (frequency-doubled) diode laser can be used as a pump.

Extraction and collection efficiency: The probability that the photon pairs exit the
cavity through the desired cavity mirror and can be efficiently coupled
into a single-mode optical fiber, should be as high as possible to obtain a
high probability of detecting both signal and idler photons from one pair.

Stability: The source should be mechanically and spectrally stable in order to
allow for continuous operation over many hours without manual interven-
tion.
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Outline and contribution. The first two requirements listed above can easily be met:
It is trivial to find a nonlinear crystal phase-matched for the desired wavelength
of pump, signal, and idler photons. Furthermore, the spectral bandwidth of
the generated photon pairs can also easily be brought to the target value by
choosing appropriate values for the reflectivities of the cavity mirrors to tune
the cavity decay rate to the desired value.

In contrast, designing a photon-pair source with a certain brightness requires
a theory which predicts (absolute) values for the photon-pair generation rate.
Such a theory is not available in the literature. Existing theories which predict
absolute values111,129,161,162 have the following deficiencies: They assume an
interaction of plane waves instead of more realistic Gaussian beams. Also,
the impact of the cavity geometry on the generation rate and the spectral
characteristics has so far not been studied. Especially the impact of the positions
and lengths of the nonlinear and compensation crystals inside the cavity have
not been analyzed in detail. Furthermore, triply-resonant configurations have
only been discussed for a lossless cavity.129

The theory presented in this chapter addresses these issues by providing a
detailed quantitative model of triply-resonant cavity-enhanced spontaneous
parametric down-conversion. This model can be directly applied to the design
and optimization of a photon-pair source with realistic experimental parame-
ters.

This chapter is organized as follows: In section 1.1 we provide convenient
expressions for the two-photon quantum state and the (joint) spectral ampli-
tude of signal and idler photons generated by triply-resonant cavity-enhanced
parametric down-conversion. In standing-wave cavities, photon pairs can be
generated in both directions leading to an interference effect. The impact of
double-pass pump and pump-resonant configurations on the spectral density
is covered in detail and the theory of Jeronimo-Moreno and colleagues129 is
extended to the case of a lossy cavity.

In the subsequent section 1.2, we rewrite this plane-wave model to cover the
interaction of Gaussian beams. Care is taken to describe arbitrary cavity ge-
ometries in closed-form expressions. With this approach, one can analyze the
influence on the photon-pair generation rate of the relative position of the
nonlinear crystal and the focal point of the pump. This section heavily relies
on the works of Boyd and Kleinman174 as well as Bennink,59 but transfers their
findings to cavity-enhanced SPDC.

These first two sections lay the foundation for section 1.3, in which we derive
an expression for the brightness in terms of photon-pair generation rate per
mW of pump power. With this model, absolute values for the generation rate
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can be computed. All expressions can be traced back to experimental accessible
parameters which need to be specified in the design process of a cavity-enhanced
photon-pair source.

We evaluate the model by comparing it with generation rates measured for
various cavity configurations (section 1.3.5). Subsequently, we also utilize the
model to optimize the cavity geometry (especially the length of the nonlinear
crystal) for maximum generation rate and photon extraction efficiency (sec-
tion 1.3.6). A similar study cannot straightforwardly be performed with models
found in the literature.

Finally, in section 1.4, we analyze the purity of heralded single photons gen-
erated by triply-resonant cavity-enhanced SPDC. With these calculates, we
confirm the qualitative findings of Jeronimo-Moreno an coworerks.129 The anal-
ysis indicates that a pump with sufficient spectral bandwidth is required to
produce pure single photons.137 Additionally, the cavity decay rate for the pump
field needs to be much larger than the signal/idler cavity decay rate. Both
findings are evaluated quantitatively.

1.1 | Spontaneous parametric down-conversion

The spontaneous decay of a pump photon into a pair of signal and idler photons
can only be explained by the quantum theory of light. The strong correlations
between the generated photons in various degrees of freedom and the photon
statistics have no classical counterpart. Nevertheless, the classical theory of
three-wave-mixing we present in the following gives valuable insights into the
generation process.

Therefore, we split this section into two parts. First, starting from classical
three-wave-mixing, we derive a set of coupled differential equations for the
three interacting fields and introduce the concept of phase matching. From the
coupled equations we also derive an expression for the spectral properties of
the generated fields.

Subsequently, we contrasts the classical picture with the quantum mechanical
Hamiltonian. In contrast to the classical interaction of waves, the signal and
idler photons generated by spontaneous parametric down-conversion do not
require initial seeding fields. But, their spectral properties are identical to their
classical counterparts.
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While discussing these spectral properties, we introduce the most important
theoretical construct for this thesis: the joint spectral amplitude of the gener-
ated two-photon state. The joint spectral amplitude encodes the spectral and
temporal properties of signal and idler photons as well as the spectro-temporal
correlations between the two photons from one pair.

1.1.1 | Classical three-wave-mixing

The classical theory of difference-frequency generation of plane waves inside
a nonlinear crystal provides an intuitive understanding why conservation of
momentum requires a phase matching between the involved fields. The purpose
of this section is to show that the process of parametric down-conversion (or
difference-frequency generation) is most efficient if there is a fixed phase relation
between the nonlinear polarizations and generated fields. Phase matching also
determines the spectral properties of the generated fields. This section follows
the theory detailed by Boyd175 and is adapted to the case of parametric down-
conversion.

Nonlinear polarization. In classical three-wave-mixing, the polarization Ṽ of the
nonlinear medium is related to the electrical field K̃ of the involved optical fields
by the nonlinear susceptibility tensor 6(2) by:

Ṽ = K̃ ⊗ 6(2) ⊗ K̃. (1.1.1)

The electrical field can be expressed as a superposition of the pump (p), signal
(s) and idler (i) fields:

K̃ = K̃p + K̃s + K̃i. (1.1.2)

When assuming a fixed geometry where the three fields are propagating colli-
nearly along the z-axis and are polarized in the same direction, all relations
become scalar and the fields can be written as:

�̃<(H, B) ≡ �<(H)4−7l<B + c.c. ≡ �<(H)47[9<H−l<B] + c.c., < = p, s, i, (1.1.3)

where �<(H) is the electric field amplitude along the polarization direction,
9< is the wave vector and l< is the angular frequency. �<(H) is defined as
�<(H) = �<(H)479<H. Analogously, the polarization is given by:

%̃<(H, B) ≡ %<(H)4−7l<B + c.c., < = p, s, i. (1.1.4)
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Plugging Eqs. 1.1.2 to 1.1.4 into Eq. 1.1.1, the polarization can be written176
analogously to the electrical field (Eq. 1.1.2):

%p(H) = 4n03eff�s(H)�i(H)
= 4n03eff�s(H)�i(H)47[9s+9i]H

%s(H) = 4n03eff�p(H)�∗i (H)47[9p−9i]H
%i(H) = 4n03eff�p(H)�∗s (H)47[9p−9s]H,

(1.1.5)

where 3eff is the effective nonlinear coefficient.175 It depends on the material
of the nonlinear crystal, its orientation and geometry, as well as the chosen
polarization direction of the pump field. n0 is the permittivity of free space.

Coupled wave equations and phase matching. Maxwell’s equation can be utilized to
derive175 coupled differential equations for the electric field amplitudes �p,
�s and �i. In the slowly varying envelope approximation, which requires that
the amplitude �< varies only marginally on the scale of the wavelength (i.e.����d2�<

/
dH2

���� � ��9< d�</dH
��), one obtains:
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∗
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(1.1.6)

where ∆9 = 9p − 9s − 9i is the so-called phase mismatch between the involved
fields.

It is essential to note that for perfect phasematching, i.e.,∆9 = 0, the amplitudes
of the generated signal and idler field are monotonically increasing functions
with the position along the crystal axis. In this case, there is a fixed phase
relation between the nonlinear polarizations and the generated waves:

∆9 = 0⇒
{
�̃<(H, B) = �<4

7[9<H−l<B]

%̃<(H, B) = ><47[9<H−l<B] , < = p, s, i, (1.1.7)

where the value of >< can be inferred from Eq. 1.1.6, e.g., >p = 4n03eff�s�i.
The process of spontaneous parametric down-conversion is most efficient if the
phases of electrical fields and nonlinear polarizations are matched in this way,
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as will be shown below. In quantum theory, where photon momentum > is
related to the wave vector 9 by > = }9, the phase-matching condition ∆9 = 0
corresponds to momentum conservation.

Note, that collinear parametric interaction as described by Eq. 1.1.6 is experi-
mentally achievable by quasi phase matching,175 where the ferroelectric domain
structure of a nonlinear crystal is periodically inverted with poling period Λ.
This introduces an additional wave vector in the phase-matching condition:

∆9qpm = 9p − 9s − 9i + 2c
Λ

, (1.1.8)

and each field acquires an additional phase factor exp
(
72c:/Λ) upon traversal

of the crystal of length :. In the following discussion, is always assumed that the
nonlinear crystal is collinearily phase-matched. The extra contributions from
the periodic poling are omitted for simplicity.

Spectral properties. For small parametric gain, one can take the amplitudes �<
on the right hand side of Eq. 1.1.6 to be constants. Then, Eq. 1.1.6 can be
integrated, yielding the values of the amplitudes after traversal of the nonlinear
crystal of length ::

�p(:) = �p(0) − j∗p�s(0)�i(0)
�s(:) = �s(0) − js�p(0)�∗i (0)
�i(:) = �i(0) − ji�p(0)�∗s (0).

(1.1.9)

The coupling coefficient j< is given by:175

j< = 7:
23effl2

<

9<22 sinc
(
∆9:

2

)
4−7∆9:/2. (1.1.10)

Eq. 1.1.9 indicates that for classical fields there is no spontaneous down-con-
version. If both �s(0) = �i(0) = 0, the pump field inside the nonlinear crystal
generates no signal and idler fields (�s/i(H) ≡ 0). There always needs to be
a seed from either the signal or the idler field (�s(0) , 0 or �i(0) , 0) for
conversion to take place.

To show that the efficiency of the down-conversion process is highest for perfect
phase matching, the spectral intensity of the signal/idler field �s/i at the output
facet of the nonlinear crystal can be evaluated:175

�s/i(ls,li) ∝
���s/i(ls,l7, :)

��2 ∝ :2 sinc2
(
∆9(ls,li):

2

)
. (1.1.11)
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Even for a monochromatic pump, signal and idler fields are not monochromatic
but exhibit a sinc2-shaped spectral distribution as a function of the phase mis-
match ∆9.41 The process is most efficient for ∆9 = 0. The width of the spectral
distribution is inversely proportional to the length of the nonlinear crystal.

In the following, we derive the corresponding quantum-mechanical expressions
for the spectrum of the signal and idler photons generated by spontaneous
parametric down-conversion.

1.1.2 | Quantum theory of spontaneous parametric down-conversion

The classical theory predicts the same spectral characteristics for the signal and
idler fields as the quantum theory predicts for the signal and idler photons. In
contrast to the classical theory, quantum theory predicts the generation of signal
and idler photons even without initial signal and idler fields, i.e., even for a
vacuum state of the signal and idler modes.

This section follows an approach similar to Mosley’s70 excellent quantum the-
ory of spontaneous parametric down-conversion which is based on earlier
works.41,177 In some cases we adapt the notation so that we can extend this
theory in a later section to the case of the interaction of focussed Gaussian beams
discussed by Bennink.59 As opposed to the classical theory, the starting point is
not the set of coupled wave equations but the Hamiltonian of the system.

Quantization. First, the electric field needs to be quantized: The electric field
operator of a plane wave traveling in z-direction, polarized along the unit vector
e, is of the form:

K̂(H, B) = K̂
(+)(H, B) + K̂

(−)(H, B), with K̂
(−)(H, B) =

[
K̂
(+)(H, B)

]†
(1.1.12)

and

K̂
(+)(H, B) = e�̂(+)(H, B) = 7e

∞∫
0

dl �(l)E(9(l), H)0̂(l)4−7lB. (1.1.13)

Here, 0̂(l) is the photon annihilation operator with the usual commutation
relation

[
0(l), 0†(l′)

]
= X(l − l′) and the amplitude factor �(l) is defined

by:177

�(l) =
√

}l

2n0<(l)2+Q
, (1.1.14)
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where +Q is the quantization volume and <(l) is the refractive index. For a
plane wave, the mode function E(9(l), H) is given by:

E(9(l), H) = 479(l)H. (1.1.15)

The dispersion relation is 9(l) = l<(l)/2.

Hamiltonian. The Hamiltonian of parametric down-conversion in the interaction
picture is:41,177

�̂I(B) = n03eff

∫
+

d+ �̂p �̂s �̂i

= n03eff

∫
+

d+ �̂(+)p �̂
(−)
s �̂

(−)
i + h.c.,

(1.1.16)

where the integral is performed over the volume + of the nonlinear crystal and
�̂p, �̂s and �̂i are the quantized fields of the pump, signal and idler photons. The
Hamiltonian depends only implicitly on the polarization directions of the fields,
since these determine the value of the effective nonlinear coefficient 3eff.

If the pump beam is a bright undepleted laser, the pump field operator can be
replaced by a classical field:

�̂
(+)
p (H, B) → �

(+)
p (H, B) = �p

∞∫
0

dl A(l)Ep4−7lB. (1.1.17)

The factor �> is the pump amplitude and A(l) is the spectral amplitude dis-
tribution. The corresponding pump spectral density

��A(l)��2 is normalized to
1:

∞∫
0

dl
��A(l)��2 = 1. (1.1.18)

For a (monochromatic) pump with a spectral width much smaller than the band-
width of the generated photons, the pump spectral density can be approximated
by a delta distribution:178

A(l) = X(l − lp). (1.1.19)
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State evolution. In contrast to the classical process of three-wave-mixing, in
quantum theory, the initial state of the signal and idler fields can also be the
vacuum state: ��k(B = 0)〉 = |0〉s |0〉i ≡ |0, 0〉 . (1.1.20)

Expanding the Dyson-series179 to first order yields the evolved state at time B in
the interaction picture:

��k(B)〉 ≈ 1 +
7

}

B∫
0

dB′ �I(B′)
 |0, 0〉

= |0, 0〉 + ^
B∫

0

dB′
∞∫

0

dlp

∞∫
0

dls

∞∫
0

dli

A(lp)O(ls,li)4−7∆lB 0̂†s (ls)0̂†i (li) |0, 0〉 ,

(1.1.21)

with ∆l = lp − ls − li. The amplitude factors �<(l<) (Eq. 1.1.14) vary only
slowly with the frequency l(l<) and have been pulled out of the integral in
Eq. 1.1.21. Therefore, the constant ^ is defined by:

^ = 7
n03eff�p�s(lA)�i(li)

}
. (1.1.22)

We discuss the so-called spatial mode overlap O(ls,li) in the following para-
graph.

Spatial mode overlap. The following discussion assumes that the nonlinear crystal
of length : is placed with the front facet at poistion H = 0. The spatial overlap
O(ls,li) of the plane wave mode functions defined in Eq. 1.1.15 is, in the case
of collinear phase matching, just an integral over H:

O(ls,li) =
:∫

0

dH EpEsEi (1.1.23)

=

:∫
0

dH 47∆9H (1.1.24)

= : sinc
(
∆9:/2)47∆9:/2. (1.1.25)

The pertubative expansion in Eq. 1.1.21 is only valid if the probability to generate
a photon pair in the interaction time B is small. It is therefore appropriate to
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take the limit B →∞. The time integral in Eq. 1.1.21 then evaluates to a delta
function which reflects energy conservation:

B∫
0

dB′ 4−7∆lB = B4−7∆lB/2 sinc
(
∆lB/2)

→ cX(lp − ls − li) for B →∞.
(1.1.26)

Joint spectral amplitude. Finally, the state after the interaction can be written as:��k〉
= |0, 0〉+c:^

∞∫
0

dls

∞∫
0

dli A(ls+li) sinc
(
∆9:/2)47∆9:/20̂†s (ls)0̂†i (li) |0, 0〉 .

(1.1.27)
Now, we introduce the joint spectral amplitude k(ls,li) of signal and idler
photon by rewriting Eq. 1.1.27:

��k〉
= |0, 0〉 +

∞∫
0

dls

∞∫
0

dli k(ls,li)0̂†s (ls)0̂†i (li) |0, 0〉 . (1.1.28)

The joint spectral amplitude (JSA) is the most important theoretical concept of
this thesis. It encodes the complete spectro-temporal structure of the two-photon
state.

In chapter 2, we will discuss the experimental characterization of photon-pair
sources based on SPDC. As we will show, most of the important experimental
accessible parameters are directly connected to the joint spectral amplitude.
From the JSA we cannot only derive the spectrum of signal and idler photons
(section 2.3), but also the spectral correlations between signal and idler photons
(see section 1.4). The JSA encodes temporal correlations between signal and
idler photons which we measure via the second-order signal-idler correlation
function (section 2.4). We also utilize the JSA to theoretically evaluate the
two-photon interference of signal and idler photons discussed in section 2.5.

Phase-matching function. We define the joint spectral amplitude as the product of
pump spectral amplitude and phase-matching function 5 (ls,li):

k(ls,li) = A(ls + li) 5 (ls,li), (1.1.29)

where, with Eq. 1.1.27, the phase-matching function is:

5 (ls,li) ∝ sinc
(
∆9:/2)47∆9:/2. (1.1.30)
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The modulus squared of the phase-matching function is proportional to the
classical intensity of the generated signal and idler fields (see Eq. 1.1.11)�� 5 (ls,li)

��2 ∝ :2 sinc2 (∆9(ls,li):/2
)
. (1.1.31)

Signal/Idler spectrum. From the JSA, we can derive the spectrum (i.e. the spectral
densities) of signal and idler photons by:129

��k(ls)
��2 = ∞∫

−∞
dli

��k(ls,li)
��2, (1.1.32)

and

��k(li)
��2 = ∞∫

−∞
dls

��k(ls,li)
��2. (1.1.33)

Photon-pair generation rate. The joint spectral density
��k(ls,li)

��2 is the expected
number of photon pairs emitted per signal/idler bandwidth per unit time for a
given pump power.59

The photon-pair generation rateR is proportional to the expectation value:59,161

R ∝ 〈
k
��k〉

=

∞∫
0

dlA

∞∫
0

dl7

��k(ls,li)
��2.

(1.1.34)

For a monochromatic pump, the photon-pair generation rate integrated over all
frequencies is proportional to the length of the nonlinear crystal:

' ∝
∞∫

0

dlA

�� 5 (ls,lp − ls)
��2 ∝ :. (1.1.35)

This result applies only for plane waves. As will be shown below, for optimally
focussed Gaussian beams, the photon-pair generation rate is independent of
:.
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Higher order terms and thermal photon statistics. We can, of course, evaluate the
higher order contributions of the Dyson-series in Eq. 1.1.21. The higher order
terms correspond to a simultaneous generation of multiple photon pairs. For
example, the second order contribution in Eq. 1.1.28 is of the form:136

∞∫
0

dls

∞∫
0

dl′s

∞∫
0

dli

∞∫
0

dl′ik(ls,li)k(l′s,l′i )

0̂†s (ls)0̂†s (l′s)0̂†i (li)0̂†i (l′i ) |0, 0〉
(1.1.36)

The expected number of double pairs per signal/idler bandwidth per unit time
for a given pump power is therefore proportional to

��k(ls,li)
��4. The ratio of

the expected number of double pairs to the expected number of single pairs is
identical to the ratio of expected number of single pairs to the expected number
of cases, where no photon pair is generated. This behavior corresponds to
thermal photon statistics.56

Discussion. The quantum theory of spontaneous parametric down-conversion
gives exactly the same sinc2 shaped spectral characteristics as the classical
theory for the signal and idler fields. The main differences are, on the one hand,
the deterministic correlation between signal and idler photons in the quantum
mechanical model manifested by the joint spectral amplitude. On the other
hand, in the case of quantum theory, there is the possibility to spontaneously
generate signal and idler photons even without any seeding.

The thermal photon statistics limits the usefulness as a single-photon source.
A pure single-photon state cannot be produced with spontaneous parametric
down-conversion since there are always admixtures of higher-order photon
numbers. Of course, the probability to generate multiple pairs simultaneous can
be made arbitrarily small by reducing the pump power. But, reducing the pump
power also reduces the photon-pair generation rate by the same amount.

Nevertheless, photon-pair sources based on SPDC are routinely used as heralded
single-photon sources. The detection of an idler photon heralds the presence of
the paired photon in the signal mode.32 Due to the intrinsic correlation between
signal and idler photons, the measurement of the idler photon projects the
signal photon into a state which can be highly localized in time and space.
In a sense, a source of heralded single-photons can be regarded as a lock-in
amplifier which does not act in frequency space but in the time domain. The
advantage of lock-in amplifier is that it can even tiny signal over a (spectrally)
broad background by selecting only signal which are modulated with a certain
frequency. In contrast, a heralded single-photon source allows for the detection
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of a tiny signal (a single photon) by heralding the precise moment in time when
this signal is present at the detector.

As discussed in this section, the joint spectral density is key concept in the
theoretical description of the two-photon state. Therefore, we will gradually
refine our expression for JSA to accurately define the two-photon state generated
by cavity-enhanced SPDC. In the following sections, the theory will be extended
to account for the effect a linear cavity placed around the nonlinear crystal has
on the generated photon pairs. Here, two aspects are of importance: on the one
hand, parametric interaction can take place in two directions in a linear cavity
this the pump beam is reflected on the mirrors. This gives rise to an interference
between photons generated in the forward direction and photons generated
in the backward direction (section 1.1.3). On the other hand, the photons can
only be generated at the resonance frequencies of the cavity, which dramatically
changes the JSA and thus their spectro-temporal properties (section 1.1.4).

1.1.3 | Double-pass parametric interaction

If the nonlinear crystal is placed inside a linear cavity (Fig. 1.2), parametric
interaction of the three waves can take place in both directions. For a cavity
pumped through mirror "1 (Fig. 1.2a), the second mirror "2 needs to reflect
all three waves to allow for this type of double-pass parametric interaction.

Before we analyze a complete cavity with two mirrors (see section 1.1.4), we
simplify the problem and discuss the double-pass interaction where only the
second mirror M2 is present. This section analyzes the situation without the
first mirror (Fig. 1.2b) to evaluate the effect of the double-pass interaction on
the spectrum of the generated photon pairs. There is a coherent superposition
of photons generated in the forward direction and the photons generated in the
backward direction. There are two different possibilities to generate a photon
pair traveling to the left (backward direction). Either the photons are generated
in the first pass of the pump and then are reflected by the mirror. Or the pump is
reflected and the photon pair is generated in the backward direction. Therefore,
the relative phase relation between the two possible interaction directions
modifies the joint spectral amplitude and thus determines the spectral shape of
photons generated in the double-pass scheme160 (see Fig. 1.2c).

Relative phase. There is no significant parametric interaction of waves traveling in
opposite directions, if the nonlinear crystal is phase-matched for the interaction
of co-propagating fields. Nevertheless, counter-propagating (or backward-wave
interaction) is possible in principle.162,180 The phase-matching condition can be
engineered such that the signal photon is generated traveling in direction of
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M1 M2
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Figure 1.2 | Double-pass parametric interaction. a, In a linear cavity, where the second mirror (M2) reflects both
pump, signal and idler fields, parametric interaction in both directions is possible. Since parametric down-
conversion is a coherent process, the relative phase∆Φ between the interaction in the forward direction
and the interaction in the backward direction affects the spectrum of the generated photon pairs. b, To
study the effect of double-pass parametric interaction, here we omit the first mirror M1. The generation of
photon pairs in the forward direction can be treated independently from the generation in the backward
direction. There are two different realizations how a photon pair traveling to the left can be generated.
Either the photon pair is generated in the first pass of the pump and is then reflected by the mirror or it
is generated in the second pass. In the latter case the pump has acquired an addition phase between the
two passes. In the former case, the reflected photon pair acquires an additional phase. Together these
two phase factors and the reflectivity of the mirror determine the spectral shape of the generated photon
pairs. c, The interference changes the shape of the spectral density

��k(ls)
��2 (Eq. 1.1.50), which is shown

here normalized for r = rp = rs = ri = 1 ( ), r = 0.25 ( ), and r = 0 ( ). If the relative
phase∆Φ = 0, there is constructive interference and the spectral width is decreased due to the increased
interaction length. For∆Φ = c, there is destructive interference for∆kl = 0 and the spectral profile is
redistributed. The spectra shown here are normalized by a factor of 1/(rsri + rp)2.
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the pump photon while the idler photon is generated traveling in the opposite
direction. But, for these kinds of parametric processes, a vastly different poling
period would be required.162,181 Therefore, we assume that both signal and
idler photons are generated in the travel direction of the pump photons and the
two interactions can be treated independently.

In double-pass parametric down-conversion (see Fig. 1.2b), the quantum state of
photon pairs traveling to the left is a superposition182 of a photon pair generated
in the forward (fw) and in the backward directions (bw), respectively:��kdp

〉
=

���kfw
〉
+

���kbw
〉

(1.1.37)

To analyze the interference, the relative phase between
��kfw

〉
and

��kbw
〉
must be

found: The mode functions of the pump, defined in Eq. 1.1.17, for the forward
and backward direction are:

E fwp (9p, H) = 479pH, (1.1.38)

and

Ebwp (9p, H) = @p4−79pH+qbw
p , (1.1.39)

where @> it the amplitude reflection coefficient which is related to the reflection
coefficient '< by @< =

√
'<. Assuming the center of the crystal is at position

H = 0, the reflected pump wave has a phase relative to the forward direction
of:

qbw
p = 9p: + 2q2p + X2p. (1.1.40)

This expression is the total phase acquired by the pump field between the first
and the second interaction measured from the center of the nonlinear crystal.
Here, X2p is the phase shift upon reflection on the mirror and q2p is the phase
acquired over the optical path length ! between the crystal and the mirror M2
(Fig. 1.2b):

q2p =
lp

2
!. (1.1.41)

Mode overlap and interference. The signal/idler mode functions (Eq. 1.1.15) are of
the form:

E fws/i = 4
79s/iH (1.1.42)

Ebws/i = 4
−79s/iH. (1.1.43)
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The corresponding creation operators are labeled 0̂†fw(ls/i) and 0̂†bw(ls/i), re-
spectively. Since the two interactions can be considered independently, there is
no relative phase between E fws/i and Ebws/i .

The double-pass Hamiltonian (Eq. 1.1.16) is:

�̂
dp
I (B) = n03eff

:∫
0

dH
[
�fwp �̂fws �̂fwi + �

bw
p �̂bws �̂bwi

]
, (1.1.44)

As discussed above, mixed terms with contributions of both backward and
forward fields are discarded, since these interactions are not phase-matched.

The generated two-photon state (Eq. 1.1.37) consists of photon pairs generated
in the forward direction and photon pairs generated in the backward direction:��k〉

=

∞∫
0

dls

∞∫
0

dli ksp(ls,l7)0̂†fw(ls)0̂†fw(li) |0, 0〉

+ @p4
7qbw

p

∞∫
0

dls

∞∫
0

dli ksp(ls,l7)0̂†bw(ls)0̂†bw(li) |0, 0〉 ,
(1.1.45)

where the single-pass joint spectral amplitudeksp(ls,li) is defined in Eq. 1.1.29.
The photon pairs which are generated in the forward direction are reflected by
the mirror and have acquired a phase qbw

s/i once they are again situated at the
center of the nonlinear crystal. This phase is defined analogously to Eq. 1.1.40.
Therefore, the creation operators fulfill the relation:

0̂
†
fw(ls/i) = @2s/i0̂†bw(ls/i)47qbw

s/i . (1.1.46)

Plugging Eq. 1.1.46 into Eq. 1.1.45, the state of photon pairs traveling to the
left is: ��kdp

〉
=

∞∫
0

dls dli kdp0̂
†
bw(ls)0̂†bw(li). (1.1.47)

Now, we write the double-pass joint spectral amplitude as a product of the single-
pass amplitude multiplied by the phase-balancing amplitude129 >(ls,li):

kdp(ls,li) = ksp(ls,li)>(ls,li) (1.1.48)

with
>(ls,li) = @2s@2i47[qbw

s +q
bw
i ] + @2p47q

bw
p . (1.1.49)
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Joint spectral density. The corresponding joint spectral density after the double-
pass is proportional to the single-pass joint spectral density

��ksp(ls,li)
��2 (see

Eq. 1.1.11) multiplied by a phase-balancing factor129 %(ls,li) =
��>(ls,li)

��2:��kdp(ls,li)
��2 ∝ :2 sinc

(
∆9:

2

) [
@2
2s@

2
2i + @

2
2p + 2@2p@2s@2i cos(∆9: + ∆Φ)

]
≡

��ksp(ls,li)
��2%(ls,li),

(1.1.50)
where ∆Φ = 2∆q2 + ∆X2, and ∆X2 = X2p − X2s − X2i.

Note, that any free space of length ! between crystal and mirror does not
contribute to ∆q2 due to energy conservation:

∆q2 = (lp − ls − li)!
2
= 0. (1.1.51)

But, in principle, we can tune the relative phase to any value. This can be
achieved by using a dielectric coating with appropriate phase shifts or by placing
a suitable compensation crystal between the nonlinear crystal and the mirror,
for example.

Double-pass spectrum. In Fig. 1.2c the signal spectral density:

��kdp(lA)
��2 = ∞∫

−∞
dl7

��kdp(ls,li)
��2 = ��kdp(ls,lp − ls)

��2 (1.1.52)

for a monochromatic pump with A(ls + li) = X(lp − ls − li) is shown for
different values of∆Φ and @2p = @2s = @2i = @. For @ = 1 and∆Φ = 0 the effective
interaction length is doubled (see Eq. 1.1.30) and the spectrum corresponds to
single-pass parametric down-conversion with a nonlinear crystal of length 2::��kdp(ls,li)

��2 ∝ [2:]2 sinc
(
∆9 [2:]

2

)
. (1.1.53)

Even for a mirror with low values of the reflection coefficients, the spectral
width of the generated photons decreases considerably.

If a metallic mirror is used, ∆Φ = c. In this case, there is destructive inter-
ference for ∆9 = 0. For double-pass second-harmonic generation, a metallic
mirror would result in a vanishing conversion efficiency. This is not the case for
double-pass parametric down-conversion, since signal and idler photons can be
generated at different wavelengths. For ∆Φ = c, only degenerate photon pairs
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interfere destructively and the spectral density is redistributed to signal/idler
frequencies with ∆9 , 0. For other values of ∆Φ, there is a smooth transition
between the sinc2-shaped spectrum for∆Φ = 0 and the double-peaked structure
for ∆q = c.

The total photon-pair generation rate (Eq. 1.1.35) is increased by a factor of[
@2
2s@

2
2i + @

2
2p

]
≤ 2 (1.1.54)

compared to single-pass interaction. The increase is independent of the relative
phase ∆Φ. For ∆Φ = 0, the maximum of the joint spectral density at ∆9 = 0 is
larger by a factor of [

@2s@2i + @2p
]2 ≤ 4 (1.1.55)

compared to the single-pass joint spectral density.

Discussion. Double-pass parametric down-conversion offers a convenient way to
double the effective length of the nonlinear crystal. Under optimal conditions
(@2< = 1), this results in an enhancement of the photon-pair generation rate
by a factor of 2 (integrated of the whole spectrum). More importantly, for the
application in mind, only photon pairs at the center of the parametric gain
envelope are spectrally selected by filters external to the cavity. The spectral
brightness (at degeneracy ∆9 = 0) is increased by double-pass pumping by a
factor of up to 4 for ∆Φ = 0. Therefore, if the filtered region is much smaller
than the full width of the gain envelope, a filtered double-pass photon-pair
source would be a factor of up to 4 brighter than a single-pass source filtered
with the same spectral filter.

For optimum performance, the relative phase must be tuned to ∆Φ = 0. This
can be achieved either with the use of a compensation crystal or by applying
a dielectric coating with appropriate phase shifts for the three fields onto the
mirror. Note, that the preceding discussion assumes a perfect collinear alignment
of the three beams. If the pump beam is not perfectly collinear with the signal
and idler fields (e.g. caused by walk-off in a tilted crystal), the visibility of
the interference between photon pairs generated in the forward direction and
photon pairs generated in the backward direction is reduced. This corresponds
to a reduction of the parameter @̄, as observed in the experiment (see the
discussion of the experiments in section 2.3.6). Further studies are required
analyze this reduction of @̄ as function of, e.g., the tilt crystals inside the cavity
or a misalignment of the mirrors.

In the case of cavity-enhanced parametric down-conversion in a linear triply-
resonant cavity signal and idler photons can also be generated in both directions.
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Therefore, we observe the same interference effect. We will analyze triply
resonant photon-pair sources in the following section.

1.1.4 | Triply-resonant cavity

Several authors already treated photon-pair generation by cavity-enhanced
parametric down-conversion. To pinpoint the contributions of this section, we
detail the existing literature on this topic in the following.

The first theoretical studies of triply-resonant three-wave mixing were conducted
in the 1960ies.182–184 A thorough analysis of type-II parametric interaction
inside a cavity was performed by Debuisschert and colleagues.185 All of these
studies have in common that they aim at optical parametric oscillation above the
oscillation threshold. Therefore, only part of their analysis applies here and e.g.
below the threshold, the spectral structure of the generated photon pairs was
not analyzed. Nevertheless, the interference effect of parametric interaction in
both directions present in a linear triply-resonant cavity was already described
in these works.

Cavity-enhanced parametric down-conversion in the context of photon-pair
generation was first theoretically analyzed by Ou and Lu.111 Starting from
expressions derived in the context of squeezed state generation,113 they derived
an expression for the generation rate enhancement per cavity mode compared
to single-pass down-conversion. Their theory treats just a single cavity mode
but takes into account losses inside the cavity.

A fully quantum mechanical model of a singly and doubly-resonant down-
converter including multiple cavity modes was developed by Herzog160 and
Scholz and colleagues.161 They derived an expression for the two-photon quan-
tum state from which the generation rate, spectral densities and signal/idler
correlation functions could be obtained. Triply-resonant cavity were not cov-
ered.

Jeronimo-Moreno and coworkers129 published a multi-mode theory for a triply-
resonant linear (standing wave) cavity. Their model assumes a cavity without
losses. As a consequence, their theory does not provide an expression for
absolute count-rates. There is an emphasis on the spectral characteristics of the
generated photon pairs in their work. They derived the joint spectral amplitude
by starting with a photon pair being generated in the cavity and summing over
all possible realizations of the photons being reflected or transmitted by the
cavity mirrors. While Scholz et al. found the joint spectral density in terms of
an infinite sum over Lorenztian-shaped resonances spaced by the free spectral
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range, Jeronimo-Moreno et al. obtained a joint spectral density in terms of more
intuitive Airy functions.

For a single-mode doubly-resonant cavity, Chuu and coworkers130,162 derived a
theory similar to Ou and Lu with more details. They derived an expression for
the absolute generation rate in terms of the finesse and the losses inside the
cavity.

In the context of doubly-resonant down-conversion inside a nonlinear waveguide,
Luo et al.136,137 also provided (but did not derive) an expression for the joint
spectral density in terms of Airy functions including losses inside the cavity. They
further analyzed in detail the signal/idler second order correlation functions
for a resonator for which the signal free spectral range differs from the idler
free spectral range.

This section develops an expression for the joint spectral amplitude of a mono-
lithic, triply-resonant cavity. In contrast to Jeronimo-Moreno, we include losses
inside the cavity and we derive the Airy functions with a different approach
inspired by works on resonant second-harmonic generation.186 In the limit of a
lossless cavity, the results found here coincide with Jeronimo-Moreno’s.

The comparable expression found by Luo et al. is inherently non-quantitative in
nature due to a normalization of the Airy functions. In contrast, with the theory
presented here, it is possible to derive an expression for the absolute brightness
of the photon-pair source.

In a linear cavity, photon pairs can be generated in both directions, giving
rise to interference effects similar to the double-pass parametric interaction
discussed in section 1.1.3. But, as will be shown, the form of the phase-balancing
amplitude differs slightly from Eq. 1.1.49, since we assume that the photon pairs
leave the cavity through mirror M2 instead of being reflected by it (Figs. 1.2
and 1.3).

Fields inside the cavity. To describe the process of parametric down-conversion in-
side a linear cavity, we require an expression for the mode functions (Eq. 1.1.15).
The discussion presented here follows the theory of Fujimura and coworkers186,187
on second-harmonic generation inside a monolithic resonator.

In a monolithic cavity (Fig. 1.3a) with mirrors "8, a dielectric coating with
amplitude reflection coefficient @847X8 and amplitude transmission coefficients B 8
is applied onto the front and back facets of the nonlinear crystal. To distinguish
fields inside and outside the cavity, the following photon creation operators are
introduced: For photons generated inside the cavity, 0†fw and 0̂†bw are the creation
operator for the forward and the backward direction, respectively. For photons
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Figure 1.3 | Resonating field inside a monolithic cavity. a, To derive an expression for the signal/idler mode functions
E fw

s/i (z) and Ebw
s/i (z) inside the resonator, photon creation operators â

†
fw(ls/i) for the generation in the

forward and â
†
bw(ls/i) for the generation in the backward direction are introduced. The mirrors are located

at the positions z1 and z2. The mirrors have the (amplitude) transmission coefficient tn and amplitude
reflection coefficients rne iXn . In a single pass through the cavity, the amplitude of the mode function is
reduced by a factor tsp and it acquires a phase qsp. b, Interference of photons generated in the forward
direction and photons generated in the backward direction: The quantum state for photon pairs leaving the
cavity through mirror M2 is a superposition of the following processes. Either the photons are generated
in the forward direction and exit the cavity after a certain number of round trips or they are generated
in the backward direction and exit the cavity after a certain number of round trips. In the latter case, the
pump acquires an additional phase factor, since it is reflected by mirror M2 and the photon pair acquires an
additional phase factor compared to the former case by being reflected by mirror M1. Due to the resonance
condition, all contributions from the individual round trips interfere constructively and do not have to be
analyzed separately.
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leaving the cavity at the desired output port through mirror M2, the creation
operator 0†out is used. Signal and idler photons leaving the cavity through M1
are lost for the experiment. Upon traversal of the cavity, the photons acquire a
single-pass phase qsp = 9: and their amplitude is multiplied by the single-pass
transmission Bsp.

In a triply-resonant cavity pumped from the left through mirror M1, there are
two interfering ways for a generated photon pair to exit the cavity through
mirror M2 (Fig. 1.3b). The photon pair can be generated in the forward direction,
perform a certain number of cavity round trips and leave throughM2, or it can be
generated in the backward direction. In the latter case, the pump has acquired
a different phase compared to the generation in the forward direction and the
photon pair acquires an additional phase by first being reflected by mirror M1
and leaving through M2 after a certain amount of round trips. Note, that on
resonance, all contributions from different round trips interfere constructively
due to the resonance condition derived below.

Boundary conditions. The signal/idler mode functions E fw(H) and Ebw(H) for pho-
ton pairs generated in the forward and backward directions can be found by
considering their boundary conditions in the steady state (Fig. 1.3a). For photon
pairs generated in the forward direction, we find at the first mirror M1:

0̂
†
fwE

fw(H1) = 0̂†bw@147X1Ebw(H1) + 0̂†fw (1.1.56)

0̂
†
bwE

bw(H1) = 0̂†bwBsp47qspEbw(H2), (1.1.57)

and at mirror M2:

0̂
†
fwE

fw(H2) = 0̂†fwBsp47qspE fw(H1) (1.1.58)

0̂
†
bwE

bw(H2) = 0̂†fw@247X2E fw(H2). (1.1.59)

These are four equations for the four unknown boundary values of the forward
and backward fields. The extra creation operator 0†fw on the right hand side of
Eq. 1.1.56 is the source term in this system of equations. It corresponds to the
creation of a photon pair at the front section of the nonlinear crystal.

Cavity mode functions. With the solutions for the boundary values, we can con-
struct the signal/idler mode functions for photons generated in the forward
direction:

E fws/i (ls/i, H) = Ts/i(ls/i)479s/iH (1.1.60)
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with the complex cavity round-trip transmission function:

T<(l<) = 1
1 − @1<@2<B2sp,<4

7[X1<+X2<+qrt,<(l<)] , (1.1.61)

where qrt = 2qsp in the round-trip phase and the coordinate system is chosen
such that H1 = −:/2 and H2 = :/2.
For photons generated in the backward direction, Eqs. 1.1.56 and 1.1.59 have
to be replaced by:

0̂
†
fwE

fw(H1) = 0̂†bw@147X1Ebw(H1) (1.1.62)

0̂
†
bwE

bw(H2) = 0̂†fw@247X2E fw(H2) + 0̂†bw. (1.1.63)

Thus, the mode function in the backward direction is:

Ebws/i (ls/i, H) = Ts/i(ls/i)4−79s/iH. (1.1.64)

We can set up an analogous set of boundary conditions for the classical pump
field (where no creation operators are required). The only difference is that in
the first equation, Eq. 1.1.56, the mode function of the incoupling field E inp (H) is
the source term:

E fw> (H1) = B1pE inp (H1) + @1p47X1pEbwp (H1). (1.1.65)

The solutions are:

E fwp (lp, H) = B1pE inp (H1)Tp(lp)479pH (1.1.66)

Ebwp (lp, H) = B1pE inp (H1)Bsp,p@2p47[X2p+qsp(lp)]Tp(lp)4−79pH. (1.1.67)

Joint spectral amplitude. Now, we can plug the expressions for the forward and
backward fields into Eq. 1.1.44 to obtain the intra-cavity state

��kintra-cavity
〉
.

Since the H-dependence of the mode functions (exp(79<H)) is identical to the
single-pass case, we can express the state in terms of the single-pass joint spectral
amplitude (Eq. 1.1.29):

��kintra-cavity
〉
=

∞∫
0

dls dli ksp(ls,l7)B1pTp(ls + li)Ts(ls)Ti(li)

× [
0̂
†
fw(ls)0̂†fw(li)
+ @2pBsp,p0̂

†
bw(ls)0̂†bw(li)47[9p+X2p)]

] |0, 0〉 .

(1.1.68)
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With the help of the relation 0̂
†
bw(ls/i) = @1s/iBsp,s/i0̂

†
fw(ls/i), the intra-cavity

joint spectral amplitude can be expressed as:

kintra-cavity(ls,li) = ksp(ls,l7)B1pTp(ls + li)Ts(ls)Ti(li)
× [

1 + @2p@1s@1iBsp,pBsp,sBsp,i47[9p+9s+9i+X2p+X1s+X1i]
]
.

(1.1.69)

To compute the state behind the output port (mirror M2), an additional bound-
ary condition can be found (Fig. 1.3):

0̂
†
out(l<)Eout(H2) = 0̂†fw(l<)B2E fw(H2), (1.1.70)

from which 0̂†out(l<) = B2<0̂†fw(l<) can be deduced. Therefore, the joint spectral
amplitude kcavity(ls,li) behind the output mirror is:

kcavity(ls,li) = B2sB2ikintra-cavity(ls,li)
= ksp(ls,li)B1pTp(ls + li)B2sTs(ls)B2iTi(li)>cavity(ls,li),

(1.1.71)
(1.1.72)

with the phase-balancing amplitude corresponding to Eq. 1.1.49

>cavity(ls,li) = 1 + @2p@1s@1iBsp,pBsp,sBsp,i47[Σ9:+ΣX]

≡ 1 + @̄47[Σ9:+ΣX],

(1.1.73)

(1.1.74)

with Σ9 = 9p + 9s + 9i, ΣX = X2p + X1s + X1i and

@̄ = @2p@1s@1iBsp,pBsp,sBsp,i. (1.1.75)

Analogous expressions for kcavity(ls,li) and >cavity(ls,li) have been found for
a lossless cavity by Jeronimo-Moreno and coworkers.129

The joint spectral density can be expressed in terms of (non-normalized)136
Airy functions:

As/i(ls/i) =
��B2s/iTs/i(ls/i)

��2 and (1.1.76)

Ap(lp) =
��B1pTp(lp)

��2. (1.1.77)

It is:��kcavity(ls,li)
��2 = ��ksp(ls,li)

��2Ap(ls + li)As(ls)Ai(li)%(ls,li). (1.1.78)
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The phase-balancing factor %cavity(ls,li) is:
%cavity(ls,li) = 1 + @̄2 + 2@̄ cos(Σ9: + ΣX). (1.1.79)

One might assume that the appearance of Σ9: in Eq. 1.1.79 instead of ∆9: in
Eq. 1.1.50 might change the spectral properties compared to the double-pass
interaction. But, since a triply-resonant down-conversion source it normally
operated at a mirror distance close to a pump resonance, the pump resonance
condition can be applied:

qrt,p = 29p: + X1p + X2p = 2c;, ; ∈ N (1.1.80)
⇒ 9p: + X2p = 2c; − 9p: − X1p. (1.1.81)

Therefore, the phase-balancing factor can, again, be expressed in terms of the
phase mismatch ∆9::

%cavity(ls,li) = 1 + @̄2 + 2@̄ cos(∆9: + ∆X1), (1.1.82)

which describes the same spectral features as discussed in section 1.1.3 and
shown in Fig. 1.2, albeit with a different definition of the relative phase ∆Φ.

Discussion. In the limit of a lossless cavity (Bsp,< = 1 and @1s/i = 1), Eq. 1.1.72
corresponds to the expression found by Jeronimo-Moreno and colleagues.129
For practical purposes, e.g. when calculating absolute generation rates, it
is nevertheless vital to include the losses. Especially for larger values of the
signal/idler cavity finesse, the losses dramatically decrease the escape efficiency
(i.e. the chance that the generated photons exit the cavity through the desired
output port). We will discussed this finding in detail in section 1.3.3.

The theory of cavity-enhanced parametric down-conversion presented here, can
easily be extended to more complex configurations of the cavity (e.g. Figs. 1.1a
and 1.4a). For this, the single-pass transmission Bsp and the phase qsp have to
be modified accordingly. If there are additional elements inside the cavity, the
phase-balancing factor also needs to be modified to account for additional phase
contributions. An expression for

��kcavity(ls,li)
��2 for arbitrary cavity geometries

will be given in section 1.3.1.

The spectral density of the signal photons (for a cavity which is resonant to a
monochromatic pump beam) can be derived from Eq. 1.1.78 to be:��kcavity(ls)

��2 = ��ksp(ls)
��2%(ls,lp − ls)As(ls)Ai(lp − ls). (1.1.83)

The modified parametric gain envelope
��ksp(lA)

��2%(ls,lp − ls) is multiplied
by a factor As(ls)Ai(lp − ls) which describes joint resonances of signal and
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idler fields. Only where both fields are resonant and energy conservation
ls + li = lp is satisfied simultaneously, a joint resonance can be found. If the
free spectral ranges for signal and idler fields differ, this results in the formation
of clusters162,188 of joint resonances (Fig. 1.4). If the free spectral range is
identical, a full comb of joint resonances can be observed (Fig. 1.1).

Note, that the two-photon state produced by cavity-enhanced parametric down-
conversion is closely related to the two-photon state of conventional spontaneous
parametric down-conversion spectrally filtered by a cavity placed after the
nonlinear crystal (Fig. 1.5). If, in the latter case, the state is post-selected for
the case where both signal and idler photons are transmitted by the cavity, the
joint spectral density of the photon pairs is:36��kfiltered(ls,li)

��2 = ��ksp(ls,li)
��2As

filter(ls)Ai
filter(li), (1.1.84)

where Afilter(l) is the filter-cavity transmission function:

Afilter(l) =
��B1B2BspT (l)��2. (1.1.85)

Of course, in Eq. 1.1.84, neither a phase-balancing factor nor the pump Airy
function Ap(lp) enter since there is only a single interaction of the pump with
the nonlinear crystal. Another major difference is that the brightness of a photon-
pair source which is filtered after the generation of signal and idler photons is
much lower than the brightness of a cavity-enhanced photon-pair source with
the same cavity linewidth. In fact, if the photons are filtered after the generation
(Fig. 1.5), the source is always less bright than an unfiltered down-conversion
source, while a cavity-enhanced source can even exhibit a larger brightness
than an unfiltered source. The cavity enhancement is discussed in detail in
section 1.3.2.

1.2 | Interaction of Gaussian beams

In the previous sections, we studied the parametric interaction of plane waves.
Although many of the observed phenomena can be explained with this simple
model, some experiments presented in this thesis can only be explained if one
extends the theory to the interaction of Gaussian fields. Since focussing the
pump beam has a strong impact on the brightness of the photon-pair source,
absolute photon-pair generation rates can only be calculated if the beam profiles
of the interacting fields are taken into account.

The parametric interaction of Gaussian beams in classical nonlinear optics was
studied in great detail in the seminal work of Boyd and Kleinman174 in the
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nonlinear crystal
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ls/FSRs

ωs/FSRs
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b
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Figure 1.4 | Spectrum of photons generated by cavity-enhanced parametric down-conversion. a, Single-crystal cavity-
enhanced parametric down-conversion: If there is no compensation crystal inside the cavity, the free spec-
tral range of the signal photons is not identical to the free spectral range of the idler photons, in general.
E.g. for type-II phase matching, signal and idler photons experience a different refractive index inside the
nonlinear crystal. Therefore, the spectral structure is different to the one shown in Fig. 1.1. b, Cluster effect
in cavity-enhanced parametric down-conversion: Here, the signal spectral density

��k(ls)
��2 ( ) for un-

equal free spectral range of the signal and idler photons is plotted. For this plot, the signal/idler finesse is
Fs/i = 5 and the ratio of the free spectral ranges is 1 : 1.09. Note, that the maximum of the parametric
gain envelope

��ksp(ls)
��2P(ls,lp − ls) ( ) does not in general coincide with the center of a clus-

ter. c,Detail of the plot shown in a: Each cluster consists of several joint resonances where signal ( ) and
idler ( ) resonances partially overlap. To guide the eye, each of the resonances defined by As(ls) and
Ai(lp − ls) is scaled by

��k(ls)
��2. For larger values of the signal/idler finesse, the overlap of adjacent

signal/idler resonances is reduced, resulting in fewer modes per cluster.
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late 1960ies. Their work covers a broad range of parametric interactions and
does not solely target difference-frequency generation. With the advent of
bright sources of non-classical light based on spontaneous parametric down-
conversion, the need to provide a more comprehensive theory targeting photon-
pair generation and absolute generation rates arose. Numerous works addressed
various configurations under different conditions.189–194 The discussion in this
section is based on the theory of Bennink59 since it is specifically targeted at
collinear spontaneous parametric down-conversion. It is therefore the most
suitable theory which can be extended to describe cavity-enhanced photon-pair
generation, and it is thoroughly tested and verified experimentally.195

To provide an intuitive approach, this section will start from classical (non-
resonant) nonlinear optics to discuss the effect of focussing on the phase-
matching condition and the brightness of the source. The modified phase
matching results in a modified spectrum of the generated photons, which we
will discuss in detail. Subsequently, we will analyze the parametric interaction
inside a cavity, taking into account the Gaussian nature of the fundamental
mode of the cavity. To account e.g. for additional compensation crystals inside
the cavity, this section studies cavities of arbitrary geometry and with an arbi-
trary number of optical media. For triply-resonant standing-wave cavities, the
beam profile of the three fields cannot be chosen independently. In the final part
of this section, we will discuss how this affects the brightness of the photon-pair
source.

Gouy phase shift in classical nonlinear optics. In the case of focused Gaussian beams
interacting with a nonlinear medium, the so called Gouy phase shift has to be
taken into account as it affects the phase matching between the electrical fields
and the nonlinear polarizations.175 Upon propagation through the focus with
beam waist E0, an incident wave acquires a phase shift qGouy of c

qGouy(H) = − arctan
(
H

HR

)
, (1.2.1)

where HR is the Rayleigh length HR = (cE2
0)/_. One can show that the parametric

interaction is most efficient if the Rayleigh length of the generated fields is
identical to the Rayleigh length of the pump field.59,174 Then, according to
Eq. 1.2.1, the Gouy phase shift for all involved fields is the same.

Since the Gouy phase is an entirely classical phenomenon, the notation in-
troduced in section 1.1.1 can be reused. The field amplitudes are replaced
by:

�<(H) → �′<(H)47qGouy(H), < = p, s, i. (1.2.2)
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nonlinear crystal filter cavity

Figure 1.5 | Filtering with a cavity after the generation of photon pairs. Instead of placing the nonlinear crystal inside
the cavity, a cavity can be used to spectrally filter the photon pairs generated by spontaneous parametric
down-conversion. The two-photon state can be post-selected for the case that both photons are transmit-
ted by the filter cavity. Then, the state cannot be distinguished from the two-photon state generated by
(non pump resonant) cavity-enhanced parametric down-conversion, given that the free spectral range and
linewidth of the cavity are identical. The key difference between these two photon-pair sources is, that a
cavity-enhanced source can be much brighter in terms of photon-pair generation rate per pump power.

nonlinear crystal

l

b

a b

Figure 1.6 | Compensation of the Gouy phase shift. a, Simulation of the pump ( ) and signal/idler ( ) beam profile
with a nonlinear crystal of length l and identical confocal parameters b = 2zR. At degeneracy, the waist
of the signal/idler field is a factor of

√
2 larger than the waist of the pump field. The confocal parameter

is chosen so that the ratio b = l/b = 2.838 and the conversion efficiency is maximum.174 b, Partial
compensation of the Gouy phase shift for a nonzero phase mismatch∆k > 0. The Gouy phase causes
a spatially varying phase mismatch between the electrical fields and the corresponding nonlinear polar-
ization. At nominal phase matching (∆k = 0), a phase mismatch of qGouy(z) ( ) would occur, which
reduces the conversion efficiency. A positive phase mismatch yields a spatial phase of∆kz ( ). At the
optimum phase mismatch∆k = 3.254/l and when b = 2.838, the phase mismatchΦGouy −∆kz ( )
is minimum and the spectral density is maximized.



62 | Triply-resonant cavity-enhanced spontaneous parametric down-conversion

In the case of degenerate parametric down-conversion with perfect phase match-
ing, the nonlinear polarization at the pump frequency acquires an additional
phase shift of 2qGouy:

%̃p(H, B) = 4n03eff�
′
s�
′
i4
−72qGouy(H)4−7[lpB+9pH], for ∆9 = 0. (1.2.3)

Therefore, there is a phase difference of qGouy between the nonlinear polariza-
tion %̃p(H, B) and the electrical field

�̃p(H, B) = �′p4
−7qGouy(H)4−7[lpB+9pH], (1.2.4)

which results in a reduced conversion efficiency for ∆9 = 0. The same is true
for the signal and idler fields. But, for a positive wave-vector mismatch ∆9 > 0,
there is a partial compensation of this phase difference between the nonlinear
polarization and the corresponding electrical field. The effective phase mismatch
is shown in Fig. 1.6. It is given by:

qGouy − ∆9H. (1.2.5)

Therefore, the largest values of the joint spectral density can no longer be found
for ∆9 = 0 but for ∆9 > 0.

Intuitively, one would assume that by focussing the pump beam more tightly one
would obtain a higher pump intensity and thus a higher photon-pair generation
rate. The overall brightness does indeed increase monotonically (up to a point
where the Rayleigh length is much smaller than the crystal length, i.e. b & 10)59
But, due to the Gouy phase shift, the spectral width of the generated photon
pairs gets larger and the spectral brightness is reduced. Therefore, there is an
optimum beam waist (and a corresponding phase mismatch ∆9 > 0) for which
the parametric gain envelope reaches its maximum value.

Boyd-Kleinman factor. For focussed Gaussian beams, themode function (Eq. 1.1.12)
takes the form:59

E(9, r,E0) = 1√
c/2

E0

?
4
− F2+G2

?
+79H. (1.2.6)

Here, E0 is the beam waist and

? = E2
0 + 27H/9. (1.2.7)

If all fields have the same confocal parameter 1 = 2HR and there is negligible
walkoff (no double refraction of the pump beam), the mode overlap for a
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Gaussian beam OGaussian (Eq. 1.1.23) is proportional to the Boyd-Kleinman
factor:59,174

��OGaussian(ls,li)
��2 ∝ ℎ(f, b, `) = 1

4b

�������
b(1+`)∫

−b(1−`)
dg

47fg

1 + 7g

�������
2

. (1.2.8)

Here, the focussing parameter

b = :/1 (1.2.9)

is the ratio of crystal length : to the confocal parameter 1, f = ∆9 1/2 and the
focus position parameter ` is defined by:

` = 1 − 2Hf/:, (1.2.10)

where Hf is the distance between the focus and the crystal’s front facet.

1.2.1 | Spectral features and focussing parameter

For a monochromatic pump, the spectral density of the signal photons is pro-
portional to the Boyd-Kleinman factor:��ks(ls)

��2 ∝ ℎ(f(ls,li), b, `) = ℎ(∆9(ls,lp − ls), :, b, `). (1.2.11)

The integral appearing in Eq. 1.2.8 cannot be solved analytically. This section
subsequently shows that in the limit of small values of b the Boyd-Kleinman
factor converges to the sinc2 shape known from the interaction of plane waves
(Eq. 1.1.30). For very tight focussing, i.e. larger values of b, the maximum of
the spectral density shifts to larger values of ∆9: as expected.

Weakly focussed pump. For weakly focussed pump beams (small values of b), ℎ is
proportional to the familiar59 sinc2 (∆9:/2) term (Eq. 1.1.11), as can be shown
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by a variable substitution (g→ b(B + `)) and Taylor expansion:

ℎ(f, b, `) = ℎ(∆9, :, b, `) = 1
4b

�������
b(1+`)∫

−b(1−`)
dg

47fg

1 + 7g

�������
2

(1.2.12)

=
1
4

�������
1∫

−1

dB
47fbB+7b`

1 + 7bB + 7b`

√
b

�������
2

(1.2.13)

b�1≈ 1
4

�������
1∫

−1

dB 47∆9:B/2
√
b

�������
2

(1.2.14)

=
b

4
sinc2 (∆9:/2) (1.2.15)

As expected for small values of b, the conversion efficiency is independent of
the focus position ` and is proportional to the pump intensity �,196 since

b ∝ 1/HR ∝ �. (1.2.16)

Since b = :/1, Eq. 1.2.15 shows that for weakly focussed pump beams the
photon-pair generation rate is proportional to the length of the nonlinear crys-
tal.

Strongly focussed pump. As discussed earlier, for larger values of b, ℎ reaches
its maximum value only for a phase mismatch ∆9 > 0, resulting in a focus-
dependent wavelength shift of the generated signal and idler photons.197 The
spectrum of the generated photons also deviates from the sinc2 shape and
becomes more and more skewed for larger values of b. The Boyd-Kleinman
factor is shown for different values of b in Fig. 1.7.

The largest value of parametric gain envelope ℎ(b,f, `) is found for bmax ≈
2.838 and fmax ≈ 0.576:174

ℎmax = ℎ(bmax,fmax, 0) ≈ 1.06. (1.2.17)

For larger values b > bmax, the maximum of the gain envelope decreases. But,
with increasing values of b, the gain bandwidth increases due to the decreased
effective length of phase-matched parametric interaction.

The overall photon-pair generation rate summed over all frequencies increases
monotonically with b up to b ≈ 10: The generation rate is proportional to
arctan

(
b
)
to good approximation.59
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0 0.5 1
a

b

Figure 1.7 | Boyd-Kleinman factor. a, For different values of the focussing parameter b the Boyd-Kleinman factor
h(∆kl , b, 0) (Eq. 1.2.12) is plotted as a function of the (dimensionless) phase mismatch∆kl . The maxi-
mum shifts to∆k > 0 as b increases. The global maximum is found at b = 2.84. While the spectral
distribution is almost symmetric for small values of b, it becomes increasingly skewed and broader for
b > 1. b, Sections through a for different values of b (indicated in the plot). For small values of b, h is
proportional to sinc2

(
∆kl/2) . Although the maximum over all values of∆kl of h decreases for values

b > 2.838, the overall brightness (which is proportional to the area under the curve) is still monotonically
increasing if the pump is focussed more strongly.59 If the focus of the pump is not in the center of the non-
linear crystal (` , 0), the spectrum shows qualitatively the same behavior, but h(∆k , l , b, `) is always
smaller than h(∆k , l , b, 0).174

If the photon-pair generation rate summed over all frequencies is the main figure
of merit the pump focus should be as small as possible. If, on the other hand,
the aim is a large number of photons generated into a specific spectral mode
of a cavity-enhanced source, the Boyd-Kleinman factor of the cavity should be
maximized for optimum performance. But, this kind of brightness optimization
could affect the heralding ratio of the photon-pair source. We will discuss this
reduction in heralding ratio in section 1.2.4.

1.2.2 | Gouy phase inside a resonator

The spectral properties of photon pairs generated by spontaneous parametric
down-conversion in a triply-resonant cavity are affected by the relative phase
acquired between the nonlinear crystal and the first mirror (see section 1.1.4).
For the interaction of Gaussian beams, the additional Gouy phase has to be taken
into account to estimate this relative phase. If there are, besides the nonlinear
crystal, additional elements (e.g. compensation crystals) placed inside the
cavity, the expression for the optical phase at any point and the resonance
conditions become more involved. The Gouy phase at any point in the cavity
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depends on the position of each optical element and the radii of curvature of
the mirrors. Here, we will provide an expression for the position-dependent
confocal parameter. With the help of this expression, the total Gouy phase
acquired in a single pass through the cavity and the Gouy phase at any point can
be calculated. In the literature, comparable expressions can commonly be found
for empty cavities.198–200 In contrast to this, in this section, we will discuss the
case of a linear cavity consisting of an arbitrary number of optical elements and
an arbitrary position of the nonlinear crystal.

Confocal parameter and effective cavity length. The confocal parameter 1(H) of a beam
matched to the fundamental Gaussian mode of the cavity, depends on the
refractive index <(H) inside the resonator. For a cavity with mirror radii of
curvature '1 and '2, it is:198

1(H) = 2HR = 2<(H):eff

√
6162

[
1 − 6162

]��61 + 62 − 26162
�� , with 61/2 = 1 − :eff/'1/2

=

{
<(H)

√
:eff [2' − :eff], spherical cavity ('1 = '2 = ')

2<(H)
√
:eff [' − :eff], hemispherical cavity ('1 = ∞, '2 = ').

(1.2.18)
If the resonator consists of ; elements of length :7 and refractive index <7 (see

Fig. 1.8a), the effective length :eff in Eq. 1.2.18 is:

:eff =

;∑
7=1

:7/<7. (1.2.19)

The effective cavity length is smaller than the distance of the mirrors.200

Total Gouy phase and resonance condition. Assuming the two mirrors are placed at
positions H1 and H2, the total Gouy phase acquired in a single pass through the
cavity is:199

ΦGouy = qGouy(H2) − qGouy(H1) = arccos
(√
6162

)
=


arccos

(���1 − :eff
'

���) , spherical cavity ('1 = '2 = ')

arcsin
(√

:eff
'

)
, hemispherical cavity ('1 = ∞, '2 = ').

(1.2.20)

The resonance condition given in Eq. 1.1.80 now can be extended to:

qrt(l?) = 2c?, ? ∈ N, (1.2.21)
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Figure 1.8 | Linear resonator with arbitrary number of optical elements. a, Here, a linear resonator with m elements
(e.g. free space or compensation crystals) of length li and refractive index ni is shown. The nonlinear crystal
with refractive index nj is placed at position j . The focus position as well as the Gouy phase at each point
in the resonator depend on the mirror radii of curvature, as well as the position and ordering of the optical
elements. b, For a cavity with five crystals (each with an arbitrarily chosen refractive index), the effective
position zeff(z) (Eq. 1.2.26) is shown. Above the plot, the position and refractive index of each crystal is
indicated. The effective position is needed to find an expression for the Gouy phaseqGouy(z) at any point
in the cavity, which is shown in c. The position of the focus z0 and the effective focal position zeff

0 are
indicated with dotted lines.
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where the round-trip phase is given by:

qrt(l) = 2
l

2

;∑
7=1

:7<7 + X1 + X2 − 2ΦGouy +
4c: 8
Λ

. (1.2.22)

Here, for completeness, the poling period Λ (Eq. 1.1.8) must be included. The
corresponding resonance frequencies are:

l? = 2
2c? − X1 − X2 + 2ΦGouy − 4c: 8

Λ

2
∑;
7=1 :7<7

. (1.2.23)

Position dependent Gouy phase. If the first mirror is placed at position H1 = 0, the
effective position Heff0 of the focal point is given by:198

Heff0 = :eff
62

[
1 − 61

]
61 + 62 − 26162

=

{
:eff/2, spherical cavity ('1 = '2 = ')
0, hemispherical cavity ('1 = ∞, '2 = ').

(1.2.24)

To compute the Gouy phase at any point in the cavity, Eq. 1.2.1 needs to be
modified:

qGouy(H) = arctan

(
Heff(H) − Heff0

HR

)
, (1.2.25)

where the effective position Heff(H) is given by:

Heff(H) = Lin
({!} , {!eff} , H

)
. (1.2.26)

The function Lin
({!} , {!eff} , H

)
is the linear interpolation between the points:

(!0, !0,eff), (!1, !1,eff), . . . , (!;, !;,eff) (1.2.27)

evaluated at the position H, where the following accumulated lengths are intro-
duced:

!a =

a∑
7=1

:7, with !0 = 0,

!a,eff =

a∑
7=1

:7

<7
, with !0,eff = 0.

(1.2.28)
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The effective position Heff(H) can also be expressed as an integral:

Heff(H) = Lin
({!} , {!eff} , H

)
=

H∫
0

dH′
1

<(H′) , (1.2.29)

where <(H) is the refractive index at position H in the cavity. The effective position
Heff(H) and the Gouy phase qGouy(H) are shown in Fig. 1.8 for an exemplary
cavity.

The position H0 of the focal point measured from the first mirror can be found
by:

H0 = Lin
(
{!eff} , {!} , Heff0

)
. (1.2.30)

Boyd-Kleinman factor with arbitrary focus position. If the focal position lies outside of
the nonlinear crystal, the focus position parameter (Eq. 1.2.10) in the Boyd-
Kleinman integral (Eq. 1.2.8) has to be modified to take into account the
different refractive indices outside the crystal. After some algebra, one finds:

`eff = 1 − 2
<8

: 8

[
Heff0 − Heff(!8)

]
. (1.2.31)

If the focal position is inside the nonlinear crystal, `eff = `. If it is outside,��`eff�� > 1.

1.2.3 | Triply-resonant cavity with Gaussian beams

Gaussian mode functions. For the cavity depicted in Fig. 1.8 with ; elements of
length :7 and refractive index <7, the mode function for photons generated in
the forward direction is:

E fw(l, r) = T (l)√
c/2

E0

?eff(H)4
− F2+G2
?eff(H) 47qopt(l,H), (1.2.32)

where T (l), the cavity transmission function defined in Eq. 1.1.61, now depends
on the round-trip phase given in Eq. 1.2.22. The spatial phase factor is:

qopt(l, H) = l

2
Lin

(
{!} ,

{
!opt

}
, H

)
(1.2.33)

where the accumulated optical path lengths are:

!a,opt =

a∑
7=1

:7<7, with !0,opt = 0. (1.2.34)
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This definition implies that the first mirror "1 is placed at the position H1 = 0.
Then, the beam parameter ?eff(H) is given by Eq. 1.2.7, modified according to
Eq. 1.2.25:

?eff(H) = E2
0 +

27
[
Heff(H) − Heff0

]
9

. (1.2.35)

The mode function for photons generated in the backward direction is given
by:

Ebw(l, r) = T (l)√
c/2

E0

?∗eff(H)
4
− F2+G2

?∗eff(H) 4−7qopt(l,H). (1.2.36)

Phase-balancing factor. Now, the steps leading to the derivation of state
��kcavity

〉
(Eqs. 1.1.72 and 1.1.79) can be repeated with the Gaussian mode functions.
The only difference is the spatial phase-factor qopt and that the overlap integral��O(ls,li)

��2 has to be replaced by the Boyd-Kleinman factor:��OGaussian(ls,li)
��2 ∝ ℎ(f(ls,li), b, `eff), (1.2.37)

where `eff is given by Eq. 1.2.31. We will discuss the proportionality constant
in Eq. 1.2.37 in section 1.3.

Utilizing the resonance condition (Eq. 1.2.21), we find the phase-balancing
amplitude (see Eq. 1.1.73) to be:

>Gaussian(ls,li) = 1 + @1p@2s@2iBsp,pBsp,sBsp,i47[∆9qpm:+∆ΦGaussian], (1.2.38)

where∆9qpm is the phase mismatch including the quasi-phase-matching term:

∆9qpm = ∆9 +
2c: 8
Λ

. (1.2.39)

The relative phase ∆ΦGaussian is given by:

∆ΦGaussian = ∆X1 − 2∆qeff
Gouy + 2

8−1∑
7=1

∆97:7, (1.2.40)

where ∆qeff
Gouy is the relative Gouy phase acquired between the center of the

nonlinear crystal at position Hc and the first mirror at position H1:

∆qeff
Gouy = ∆qGouy(Hc) − ∆qGouy(H1). (1.2.41)

We will discuss the expression for joint spectral density for Gaussian beams in
section 1.3.1.



1.2 Interaction of Gaussian beams | 71

1.2.4 | Heralding ratio

If the photon-pair source is used as a source of heralded single photons, the
heralding ratio59,195 is an important figure of merit. It is defined by:

[herald =
%si

%i
, (1.2.42)

where %si is the probability to detect both photons from a pair and %i is the
probability to detect just the (heralding) idler photon. If both signal and idler
photons are collected into Gaussian modes, Bennink59 showed that the heralding
ratio decreases with increasing values of b. This decrease in the heralding ratio
was verified by Guerreiro et al.201 and Dixon et al.195 It is caused by the spatial
entanglement of the photons in a photon pair. The detection of the heralding
idler photon in a specific Gaussian collection mode (e.g. an optical fiber) projects
the signal photon into a superposition of Laguerre-Gaussian modes which has a
reduced overlap with a Gaussian collection mode. This results in a reduction of
the signal photon collection efficiency of up to 25% for b & 1.

To the best of the author’s knowledge, it has not been studied in the literature
whether this phenomenon also applies to cavity-enhanced parametric down-
conversion. At least for a cavity with a low finesse it still must apply. But, for
a higher finesse, the presence of a cavity should suppress the emission into
non-Gaussian modes since the higher-order Laguerre-Gaussian modes have
different resonance frequencies than the fundamental mode and are therefore
suppressed. The experiments performed within the scope of this thesis were
using a cavity with a small value of b ≈ 0.2, where Bennink’s theory predicts only
a small reduction in the heralding ratio. Therefore, a quantitative experimental
evaluation of the impact of the cavity on the heralding rate is not within the
scope of this thesis.

If the photon-pair generation rate is the most important figure of merit, the
Boyd-Kleinman factor needs to be optimized. In a triply-resonant cavity, the
spatial modes of all three fields are determined by the cavity geometry and
cannot be optimized independently. This constraint will be discussed in the
following.

1.2.5 | Boyd-Kleinman-theory for unequal confocal parameters

Since, in a triply-resonant cavity, the confocal parameters of the three interacting
fields cannot be chosen independently (Fig. 1.9), the Boyd-Kleinman factor has
to be modified to account for unequal confocal parameters.
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For this case, Bennink59 introduced the effective confocal parameter 1̄, which is
defined by:

1̄ =
U

V

1p

1s1i
, (1.2.43)

with

U =
9s1i1p + 9i1s1p + 9p1s1i

1s1i1p
and (1.2.44)

V =
1s

[
9i − 9p

]
+ 1i

[
9p − 9s

]
+ 1p

[
9s + 9i

]
1p9p

. (1.2.45)

Bennink showed that, for unequal confocal parameters, the Boyd-Kleinman
factor has to be modified:

ℎ(f, b, 0) → ℎ̄(f̄, b̄, 0) = 4
UV

ℎ(f̄, b̄, 0). (1.2.46)

The effective Boyd-Kleinman factor ℎ̄ can be expressed in terms of the con-
ventional Boyd-Kleinman factor ℎ and effective parameters b̄ = :/1̄ and f̄ =
∆9 1̄/2.
Boyd and Kleinman174 also derived an expression for ℎ̄. Although they have
different definitions for 1̄, U and V due to different approximations, numerically
the values of the effective Boyd-Kleinman factor agree within the range of a few
percent with the values obtained based on Bennink’s theory.

Fig. 1.9 uses a practical example to illustrate how the geometry of the cavity
affects the Boyd-Kleinman factor. The confocal parameter of a resonating field
is determined by the geometry of the cavity, i.e. the radii of curvature of
the mirrors and the effective length (Eq. 1.2.18). In a triply-resonant cavity,
the confocal parameter of the three fields therefore cannot be independently
chosen. There is a large mismatch between the pump and the signal/idler
confocal parameter for small values of the mirrors’ radii of curvature. Compared
to the case where all fields share the same confocal parameter, the maximum
of the effective Boyd-Kleinman factor is shifted to a considerably larger pump
beam waist.

Focus position. If the position of the focus defined by `eff , 0 (Eq. 1.2.10) is
identical for all three fields, one can extend Eq. 1.2.46 after some algebra to:

ℎ̄(f̄, b̄, `eff) = 4
UV

ℎ(f̄, b̄, `eff), (1.2.47)
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Figure 1.9 | Boyd-Kleinman factor with unequal confocal parameters. a, Exemplary setup128 of a cavity with a l =
20 mm long periodically poled KTP conversion crystal and an additional compensation crystal: For a spher-
ical cavity with R1 = R2 = R , the position of the focus does not depend on the mirrors’ radii of curvature
(see Eqs. 1.2.24 and 1.2.30). It is determined solely by the refractive indices and the spacing between mirrors
and crystals. Here, the spacing is chosen so that the focus is placed at the center of the nonlinear crystal.
For a fixed crystal spacing, the beam waist w0 can be adjusted by changing R . The pump beam profile
( ) is simulated using the ABCD-matrix formalism.196 b, Beam waist w0 for pump ( ) and signal/idler
( ) fields depending on the mirrors’ radii of curvature R : Due to the chromatic dispersion of the crystals,
there is a region (i) in which only the pump field can oscillate inside the cavity. If the radius of curvature R
is large enough (region (ii)), the cavity is also stable196 for signal and idler fields. c, Confocal parameter of
pump ( ) and signal/idler ( ) fields as a function of the pump beam waist which is defined by R : Close
to the boundary between region (i) and (ii), there is a large mismatch between the confocal parameters.
For larger values of R , the ratio bp/bs/i approaches unity. d, Effect of unequal confocal parameters on the
Boyd-Kleinman factor: Here, the maximum over all values of f, h(fmax, b, 0), is shown ( ) and com-
pared to the effective Boyd-Kleinman factor h̄(f̄max, b̄, 0) ( ). The maximum of h̄ at w̄0,opt is shifted
to considerably larger pump beam waists compared to w0,opt. The values of w̄0,opt and w0,opt are also in-
dicated in b and c. The maximum of the Boyd-Kleinman factor is reduced by∼15 % compared to the case
where all fields have the same confocal parameter. For larger values of w0, there is no difference. This is
to be expected since the confocal parameters inside the cavity differ only for tight focussing (seec | ).
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where `eff is given by Eq. 1.2.31. This extension is straightforward if one follows
the derivation of ℎ̄ in Ref. [174] and performs a substitution of variables similar
to Eq. 1.2.12.

The assumption that the focus position is identical for all three fields is valid
to good approximation for a linear triply-resonant cavity. This is shown for an
exemplary cavity in Fig. 1.10.

1.2.6 | Discussion and Outlook

Most theoretical studies on cavity-enhanced parametric down-conversion treat
the interacting fields as plane waves. The theory of the parametric interaction
of Gaussian beams, as shown in this section, is more involved but offers a
more accurate description of effects which can be observed in experiments:
The Boyd-Kleinman factor is directly related to the brightness of a photon-pair
source based on cavity-enhanced parametric down-conversion, as we will show
in section 1.3.4. Thus, with the expressions found in this section, the geometry
of the cavity can be optimized to obtain maximum brightness.

The phase-balancing amplitude (Eq. 1.2.38) depends on the Gouy phase. This
dependency has not been discussed in detail in the literature. The theory of
an optical parametric oscillator with resonant pump and signal laid out by
Schiller and coworkers202 also finds an expression for the effective nonlinearity
which depends on the Gouy phase. But, their work is not directly applicable
to photon-pair generation and does not address triply-resonant cavities. We
will show in section 2.3.6 that the Gouy phase directly influences the spectral
characteristics of the generated photon pairs which can be measured in an
experiment.

In conventional (non-resonant) spontaneous parametric down-conversion, the
heralding ratio is reduced if the pump is focussed tightly.59 To the author’s
knowledge, this phenomenon has not been studied in the literature in the
context of cavity-enhanced parametric down-conversion. One can assume that
a cavity with sufficiently high finesse suppresses the generation of photon pair
into non-Gaussian spatial modes. Under this assumption, such a suppression
would result in a spatial single-mode emission203 and thus a negligible reduction
of the heralding ratio. Further theoretical and experimental studies are required
to verify this assumption.

In the following section, we will derive an expression for the joint spectral
density of the generated photon pairs. By utilizing the theory of parametric
interaction of Gaussian beams developed in this section, it is possible to calculate
absolute photon-pair generation rates. Since the expression found in this section
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Figure 1.10 | Boyd-Kleinman factor and the position of the focus. a, Beam profile for pump ( ), signal ( ), and idler
( ) fields for the cavity discussed in Fig. 1.9. The upper part indicates the position of the two crystals
and the mirrors. We choose the distance d between the first mirror and the PPKTP crystal such that the
pump beam waist is located at the center of the PPKTP crystal. The radius of curvature is chosen such
that the Boyd-Kleinman factor h̄ is maximum (R = 20.6 mm, Fig. 1.9d). For this configuration, the pump
confocal parameter is considerably larger than the signal/idler confocal parameter (Fig. 1.9c). Nevertheless,
the position of the focus is nearly identical for all three fields. b, By changing the mirror distance d , the
position of the focus of the three fields can be shifted to either side of the PPKTP crystal. Therefore, the
focus position parameter `eff directly depends on d . Here, we plot the maximum of the Boyd-Kleinman
factor h̄ over all values of b̄ and f̄ depending on the mirror distance d (or `eff, respectively).

applies for arbitrary cavity geometries, we can derive the joint spectral density
and the generation rate for cavities with and cavities without compensation
crystals.

1.3 | Cavity enhancement and brightness

From an experimentalist’s perspective, the brightness is for most experiments,
besides the spectral characteristics, the most important property of a photon-pair
source. Of course, a high brightness at a low pump power is desired. Therefore,
the figure of merit is the photon-pair generation rate per mW of pump power
R.

For continuous wave pumping, the joint spectral density
��kcavity(ls,li)

��2 (see
Eq. 1.1.78) is the expected number of the photon pairs emitted per signal/idler
bandwidth per unit time ∆B for a given pump power %p (see section 1.1.2).
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Therefore, the photon-pair generation rate per pump power R is:

R =
1

%p∆B

∞∫
0

dls dli
��kcavity(ls,li)

��2. (1.3.1)

This section provides an expression for the joint spectral density in the case of
the nonlinear interaction of Gaussian beams. Based on this expression, we will
discuss how the finesse and the extraction efficiency of the resonator enhance
or decrease the brightness of the photon-pair source. Finally, we will derive an
expression for the absolute photon-pair generation rate R. Similar expressions
have been reported earlier161 (for plane-wave interactions) even with numerical
predictions for specific cavity configurations.162 But, the expression we will
derive here has the distinct advantage that it is directly given in terms of
experimentally accessible parameters. The expression is furthermore applicable
to an arbitrary cavity geometry and especially to triply-resonant cavities which
were not covered by prior studies. However, the theory presented here does
not cover pulsed pumping since all experiments discussed in this thesis utilize
continuous wave pumping.

We will benchmark the expression for the absolute photon-pair generation rate
by comparing numerical values with measured values reported in the literature
for several different sources. The last part of this section utilizes the theory to
optimize the geometry of cavity-enhanced photon-pair sources.

1.3.1 | Joint spectral density

In the previous sections, we defined the joint spectral density of a cavity-
enhanced source in terms of the single-pass joint spectral density

��ksp(ls,li)
��2

(Eq. 1.1.78):��kcavity(ls,li)
��2 = ��ksp(ls,li)

��2%(ls,li,∆Φ)Ap(ls + li)As(ls)Ai(li).
(1.3.2)

In the case of the interaction of Gaussian beams, the phase-balancing factor
%(ls,li,∆Φ) is defined as the modulus squared of Eq. 1.2.38. Here, we explicitly
address the relative phase ∆Φ, given by Eq. 1.2.40, since it is an important
experimentally tunable parameter, as we will discuss in chapter 2.

Furthermore, utilizing Bennink’s59 theory, an explicit expression for the single-
pass joint spectral density in terms of experimentally accessible parameters
can be given. This expression has been verified195 with excellent agreement
between theory and experiment.
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Bennink showed that
��ksp(ls,li)

��2 is proportional to the mean number of pump
photons #p arriving at the nonlinear crystal per unit time ∆B. The mean number
of pump photons can be related to the pump power for a continuous wave pump
by:

%p =
#p}lp

∆B
. (1.3.3)

Single-pass joint spectral density. With this definition of the pump power, the single-
pass joint spectral density is:59��ksp(ls,li)

��2 = ^:∆B%pℎ̄(f̄(ls,li), b̄, `eff)
��A(ls + li)

��2, (1.3.4)

where A(l) is the pump spectral amplitude distribution (Eq. 1.1.17) and the
coupling constant ^ is given by:59,195

^ =
16c2_p

n0<
2
p2

[
3eff

_s_i

]2

. (1.3.5)

Plugging Eqs. 1.3.4 and 1.3.5 into Eq. 1.3.1, results in:

R = ^:

∞∫
0

dls dli ℎ̄(f̄(ls,li), b̄, `eff)
��A(ls + li)

��2%(ls,li,∆Φ)

× Ap(ls + li)As(ls)Ai(li).
(1.3.6)

In the case of monochromatic pumping, the integral over li can easily be
evaluated utilizing A(l) = X(l−lp) (Eq. 1.1.19). The generation rate can then
be expressed in terms of the signal spectral density

��kcavity(ls)
��2:

R = ^:

∞∫
0

dls
��kcavity(ls)

��2, (1.3.7)

where��kcavity(ls)
��2 = ℎ̄(f̄(ls,lp − ls), b̄, `eff)%(ls,lp − ls,∆Φ)
× Ap(lp)As(ls)Ai(lp − ls).

(1.3.8)

With Eq. 1.3.6, we can calculate the pair generation rate for a wide range of
experimental parameters. In general, the integral over ls in Eq. 1.3.6 must be
evaluated numerically. Although absolute values for the generation rate can



78 | Triply-resonant cavity-enhanced spontaneous parametric down-conversion

be computed with Eq. 1.3.6, this expression does not provide direct insights
into how R depends on various experimentally tunable parameters, e.g. on the
finesse of the resonator. We can obtain these insights by normalizing the signal
spectral density as will be shown in the following. With this normalization, we
can pull the factors which do not depend on lA out of the integral in Eq. 1.3.6.

The next section begins with normalizing the Airy functions A(l) in Eq. 1.3.6 to
gain a more intuitive understanding of the enhancement effect of the cavity.

1.3.2 | Cavity enhancement and finesse

The Airy functions can be expressed in terms of the real-valued reflection and
transmission coefficients '< = @2

< and )< = B
2
<. In the following, the wavelength

dependence of '< = '<(l) and )< = )<(l)will be omitted. The non-normalized
Airy functionA(l) (Eq. 1.1.76) can be written as the product of an enhancement
factor �enh(l) and a normalized Airy function Airy(F ,l):

A(l) =
����� B2

1 − @1@2Bsp47qrt(l)

�����2 =
�������

√
1 − '2

1 −
√
'1'2)

2
sp4

7qrt(l)

�������
2

= �enh(l)Airy(F ,l),

(1.3.9)

where

�enh(l) = 1 − '2[
1 −

√
'1'2)

2
sp

]2 (1.3.10)

and

Airy(F ,l) = 1
1 + 4

c2F2 sin2 (qrt(l)/2
) . (1.3.11)

Cavity finesse. Here, F is the finesse of the cavity:

F =
c

[
'1'2)

2
sp

] 1/4

1 −
√
'1'2)

2
sp

. (1.3.12)
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The finesse is defined such that it is proportional to the ratio of free spectral
range (FSR) and cavity decay rate Γ :204

F =
2c FSR
Γ

. (1.3.13)

The free spectral range is the separation of two resonances in frequency space.
With Eq. 1.2.23:

FSR =
l?+1 − l?

2c
. (1.3.14)

It can be approximated by:

FSR ≈ 2

2!opt
, (1.3.15)

where !opt is the optical path length of the cavity. The single-pass transmission
of a crystal of length : is wavelength-dependent and can be expressed as:

)sp = )
2
facet4

−U:, (1.3.16)

where )facet is the transmission of each of the two crystal facets and U = U(l)
is the absorption coefficient.

Given that the factor 1 −
√
'1'2)

2
sp appears in the denominator of both F

(Eq. 1.3.12) and �enh (Eq. 1.3.9), one can show that these two quantities are
closely related. This relationship will be analyzed in the following.

Enhancement and finesse. The enhancement factor �enh can be approximated for
F & 10 in the form:

�enh =
1 − '2[

1 −
√
'1'2)

2
sp

]2 (1.3.17)

≈

[
'1'2)

2
sp

] 2/4[
1 −

√
'1'2)

2
sp

]2
2(1 − √'2)

'
1/4
2

, (1.3.18)

which results in:

�enh ≈ 2
c

F2

F0
, (1.3.19)
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where the cold cavity finesse F0 is the finesse of an empty cavity with the same
value of '2 but without losses ('1 = )sp = 1). The approximation in Eq. 1.3.18
appears rather arbitrary at first glance, but it is inspired by the seminal work
of Ou and Lu111 on cavity-enhanced parametric down-conversion and is in
excellent agreement with Eq. 1.3.10 (see Fig. 1.11a). Since the finesse of the
cold cavity is always larger than the finesse of the corresponding lossy cavity,
the enhancement factor is always smaller than the finesse:

�enh ≈ 2
c

F
F0
× F < F , (1.3.20)

As will be shown in the following, the factor F/F0 is approximately the extrac-
tion efficiency of the cavity.

1.3.3 | Extraction efficiency

The extraction efficiency is the probability that a photon created inside the
cavity leaves the cavity through the outcoupling mirror M2. The extraction
efficiency can be calculated to be:136

[(l) = 1 − '2

1 − '1'2)
2
sp

. (1.3.21)

This expression shows a strong resemblance with the enhancement factor
(Eq. 1.3.10). Hence, one can perform an approximation similar to Eq. 1.3.19 in
excellent agreement with the full form (see Fig. 1.11b):

�enh ≈ 2
c
[F . (1.3.22)

By comparison of Eq. 1.3.22 and Eq. 1.3.19, the extraction efficiency can be
written as the ratio of finesse to cold-cavity finesse:

[ ≈ F
F0

. (1.3.23)

Finesse dependence of the extraction efficiency. If a crystal is placed into a cavity, the
extraction efficiency is a function of the length of the crystal, the absorption
coefficient U, the transmission of the crystal’s facets )facet and the reflectivities
of the mirrors. Often, the losses by absorption inside the crystal are negligible
compared to losses caused by imperfect anti-reflection coatings or transmission
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a b

Figure 1.11 | Enhancement factor and extraction efficiency. a, Comparison of the enhancement factor Fenh ( ) de-
fined in Eq. 1.3.10 with the approximation Fenh ≈ 2F 2[cF0]−1 (Eq. 1.3.19) ( ) for R1 = Tsp = 98 %.
The largest enhancement is found for an impedance-matched cavity with R2 = R1T

2
sp. The deviation

between Eq. 1.3.10 and the approximation becomes even smaller for larger values of R2 or Tsp. b, The
extraction efficiency [ defined in Eq. 1.3.21 is, in good approximation, equal to the ratio F/F0 of finesse
to cold cavity finesse. Here, [ ( ) and the approximation F/F0 ( ) are shown as a function of R2 for
R1 = Tsp = 98 %. As in a, the deviation between the approximation and the full form becomes smaller
for larger values of R2 or Tsp.

Figure 1.12 | Extraction efficiency depending on the finesse. If the losses by absorption inside the crystal are negligible,
the extraction efficiency does not depend on the length but only on the finesse of the cavity. Here, the
signal/idler extraction efficiency [s/i and the pair extraction efficiency [pair = [s[i are shown as a function
of the cavity finesse for different values of the round-trip transmission R1T

2
sp. This plot emphasises that

a compromise between cavity enhancement (requires a large finesse) and extraction efficiency (requires a
low finesse) has to be made.
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of the photons through the first mirror M1. In this case, the extraction efficiency
is no longer a function of the crystal length and thus depends only on the finesse
of the cavity.

In Fig. 1.12, the signal/idler extraction efficiency [s/i is plotted as a function of
the finesse for different values of the round-trip transmission '1)

2
sp. For a fixed

round-trip transmission, the extraction efficiency depends only on the reflectivity
of the outcoupling mirror '2 which in turn can be expressed as a function of
the finesse. Here, it is assumed that the single-pass transmission is of the form
)sp = )

2
facet or )sp = )

4
facet (no absorption inside the crystal) for a cavity with one

or two crystals, respectively. To obtain high extraction efficiencies ([s/i > 95 %),
for a cavity with a moderately high finesse F ∼ 100, the round-trip transmission
'1)

2
sp must be larger than 99.7%. Note that [s/i ≈ 95 % corresponds to a pair

extraction efficiency of just [pair = [s[i ≈ 90 %.

Although it is feasible to produce a mirror M1 with '1 � 99.7 %, the anti-
reflection coating of the crystals poses a significant challenge as illustrated
with the following example: Consider a single-crystal source with a finesse of
F = 100, negligible absorption and ideal reflectivity '1 = 1 of the first mirror.
To obtain a pair extraction efficiency of [pair > 90 %, a transmission of the
crystal’s facets )facet > 99.8 % would be required. This already is a demanding
specification for the anti-reflection coating. For a two crystal cavity configuration
with four anti-reflection coated surfaces, a transmission of )facet > 99.92 %
per surface would be required. This is currently technologically extremely
challenging, especially if the crystal should also be anti-reflection coated at the
pump wavelength.

Impedance matching. The enhancement factor �enh can also be related to the
field enhancement which a mode-matched laser entering the cavity through the
second mirror would experience. From Eq. 1.1.66 one can show that �enh is the
exact same factor by which the circulating power %circ is larger than the input
power %in:

�enh =
%circ

%in
. (1.3.24)

Therefore, to obtain the maximum brightness of a cavity-enhanced parametric
down-conversion source, the reflectivity of the first mirror must be as high as
possible and the reflectivity '2 of the outcoupling mirror must be impedance
matched196 to the round-trip transmission of the cavity:

'
opt
2 = '1)

2
sp. (1.3.25)

Eq. 1.3.24 is less important from a practical perspective in determining the
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brightness of a cavity-enhanced source than Eq. 1.3.19 or Eq. 1.3.22. However,
it provides an intuitive insight into the nature of the enhancement process.

Discussion. Fig. 1.12 highlights that even small imperfections of the cavity mir-
rors or the anti-reflection coatings result in high losses for high finesse cavities.
For the same reason it is challenging to build cavity-enhanced photon-pair
sources with high extraction efficiency based on nonlinear waveguides.136,173
Therefore, monolithic cavities made of bulk crystals130,162 are the most promis-
ing configurations to date to obtain high brightness sources with low losses.
Monolithic designs have the advantage that no anti-reflection coating is re-
quired and the mirror distance of the cavity is intrinsically stable with respect
to vibrations.

1.3.4 | Generation rate

At this point, all tools are at hand to find a simplified expression for the photon-
pair generation rate R (Eq. 1.3.6) for a triply-resonant cavity pumped by a
Gaussian beam. The aim of this section is to derive an expression which contains
only experimentally accessible parameters and can be readily compared with
measurement results (see section 1.3.5) or can be used e.g. to optimize the
geometry of a photon-pair source (see section 1.3.6).

The expression found in this section is functionally equivalent to Eq. 1.3.6
for cavities with a finesse Fs/i & 10 and it is applicable to cavities with and
without compensation crystals. It will be derived by utilizing the normalized
Airy functions found in the previous section. Additionally, the parametric gain
envelope will also be normalized, introducing the normalized signal spectral
density. Finally, it will be shown that the generation rate is proportional to the
effective number of spectral modes as pointed out by Ou and Lu.111

Enhancement factors and cavity finesse. If the resonator is locked to a pump reso-
nance (Airyp(lp) = 1 ⇒ Ap(lp) = �

p
enh), the photon-pair generation rate

(Eq. 1.3.6) can be written as:

R = ^:�penh

∞∫
0

dlℎ(l, b, `)%(l,∆Φ)As(l)Ai(lp − l), (1.3.26)

where the short-hand notations:

%(l,∆Φ) ≡ %(l,lp − l,∆Φ) (1.3.27)
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and

ℎ(l, b, `) ≡ ℎ̄(f̄(l,l> − l), b̄, `eff) (1.3.28)

are used. With Eq. 1.3.9, the enhancement factors can be pulled out of the
integral:

R = ^:�penh�
s
enh�

i
enh

∞∫
0

dlℎ(l, b, `)%(l,∆Φ)Airys(l)Airyi(lp − l) (1.3.29)

and with Eq. 1.3.22, the generation rate can be expressed in terms of the
signal/idler finesse and the extraction efficiencies:

R = ^:�penh[s[iFsFi
4
c2

∞∫
0

dlℎ(l, b, `)%(l,∆Φ)Airys(l)Airyi(lp − l).

(1.3.30)

The proportionality R ∝ [s[iFsFi has been found earlier.111,136,137 Note, that R
is the rate of pairs of photons emitted by the cavity. In an experiment without
photon losses after the cavity and ideal single-photon detectors, R corresponds
to the coincidence rate between the signal and idler photon detectors. Since the
losses of signal or idler photons inside the cavity are independent of each other,
the single-photon generation rates measured on ideal signal/idler detectors
are:

Rs/i =
R
[i/s

. (1.3.31)

In the following, the integral in Eq. 1.3.30 is simplified by normalizing the
parametric gain envelope.

Parametric gain envelope. The parametric gain envelope ℎ(l, b, `)%(l,∆Φ) typi-
cally varies much slower with l than the term Airys(l)Airyi(lp − l), which is
called the joint resonance function in the following. The gain envelope can be
normalized to unity by introducing the envelope factor Gainmax(b, `,∆Φ):

Gainmax(b, `,∆Φ) = max
l

ℎ(l, b, `)%(l,∆Φ). (1.3.32)

The photon-pair generation rate now becomes:

R = ^:�penh[s[iFsFi
4
c2Gainmax(b, `,∆Φ)

∞∫
0

dls

���k̃(ls)
���2, (1.3.33)



1.3 Cavity enhancement and brightness | 85

where the normalized signal spectral density is given by:���k̃(ls)
���2 = Gain(ls, b, `,∆Φ)Airys(ls)Airyi(lp − ls), (1.3.34)

and the normalized parametric gain envelope is:

Gain(l, b, `,∆Φ) = ℎ(l, b, `)%(l,∆Φ)
Gainmax(b, `,∆Φ) . (1.3.35)

Eq. 1.3.33 is a significant improvement upon Eq. 1.3.6, as now the enhancement
factor as well as the extraction efficiencies and the enhancement by double-pass
pumping are addressed explicitly. The normalized signal spectral density is
depicted in Fig. 1.13 for cavities with and without compensation crystal.

We can simplify the integral over the normalized signal spectral density for
cavities with a compensation crystal and a (moderately) high finesse, as will be
discussed in the following.

Effective number of modes. For F & 10, we can write the Airy functions in good
approximation as an infinite series of Lorentzian resonances:161

Airy(F ,l) = 1
1 + 4

c2F2 sin2 (qrt(l)/2
) (1.3.36)

≈
∞∑

8=−∞

Γ 2

Γ 2 + 4
[
l − l8

]2 , (1.3.37)

where the cavity decay rate Γ (the full width at half maximum of the resonances)
is given by Eq. 1.3.13 and the resonance frequencies l8 are defined with the
help of Eq. 1.2.23 by:

qrt(l8) = 28c, 8 ∈ N. (1.3.38)

With Eq. 1.3.37, the joint resonance function is given by:

Airys(ls)Airyi(lp − ls) =
∞∑

8=−∞

∞∑
9=−∞

Γ 2
s Γ

2
i[

Γ 2
s + 4

[
ls − ls,8

]2
] [
Γ 2
i + 4

[
ls − lp − ls,9

]2
] . (1.3.39)

Cavity with compensation crystal. If a compensation crystal is placed into the cavity
and the signal/idler free spectral range is identical, the signal and idler reso-
nances can be tuned (e.g. by changing the crystals’ temperatures or orientations)
such that they perfectly coincide in frequency. Then, for each value of 8 a value
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a

b

conversioncompensation

Figure 1.13 | Normalized signal spectral density with and without compensation crystal. The normalized signal spec-

tral density
���k̃(ls)

���2 ( ) and the corresponding parametric gain envelope Gain(ls, b, `,∆Φ) ( ) are
shown for two cavity configurations. In both cases, the finesse is F = 20 and a small value of b is as-
sumed for which the gain envelope has a sinc2 shape. For simplicity, the relative phase is set to∆Φ = 0.
The photon-pair source is tuned close to degeneracy. In both cases, one particular mode is tuned to per-
fect degeneracy with ls = li = lp/2. a, For a cavity with compensation crystal, the free spectral
ranges of signal and idler fields are identical. Therefore, all signal and idler resonances overlap and the
joint resonance function given by Airys(ls)Airyi(lp − ls) forms a comb of equally spaced peaks. The
effective number of modes Nmodes lies typically between 40 and 50 in a realistic configuration where the
length of the cavity is not much longer than the combined length of the crystals. b, For a cavity without
compensation crystal, the effective number of modes is drastically reduced due to the cluster effect188

(see Fig. 1.4). Typically 2 to 3 clusters lie within the parametric gain envelope.188 The number of modes per
cluster approaches unity for high finesse cavities with a double-pass pump.136,162
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of 9 can be found for which lp − ls,9 = ls,8. Then, Eq. 1.3.39 can be written
as a single sum over pairs of coinciding resonances:

Airys(ls)Airyi(lp − ls) =
∞∑

8=−∞

Γ 2
s Γ

2
i[

Γ 2
s + 4

[
ls − ls,8

]2
] [
Γ 2
i + 4

[
ls − ls,8

]2
] . (1.3.40)

These coinciding resonances are commonly called the (spectral) modes of the
photon-pair source.111,161 Since the spectral width of the modes is typically
much smaller than the parametric gain bandwidth (the width of the parametric
gain envelope) and each mode has the same spectral shape, the integral over
the signal spectral density in Eq. 1.3.33 can be approximated by:

∞∫
0

dls

���k̃(ls)
���2 = ∞∫

0

dls Gain(ls, b, `,∆Φ)Airys(ls)Airyi(lp − ls)

≈
∞∑

8=−∞
Gain(ls,8, b, `,∆Φ)

∞∫
−∞

dls
Γ 2
s Γ

2
i[

Γ 2
s + 4l2

s
] [
Γ 2
i + 4l2

s
]

=
cΓsΓi

Γs + Γi

∞∑
8=−∞

Gain(ls,8, b, `,∆Φ).

(1.3.41)

The contribution of each mode at frequency ls,8 is scaled by the value of the
parametric gain envelope at the center of each resonance Gain(ls,8, b, `,∆Φ).
Since the parametric gain envelope has been normalized (Eq. 1.3.35) and the
free spectral range is typically much smaller than the gain bandwidth, there is
always a resonance frequencyls,9 for which Gain(ls,9, b, `,∆Φ) ≈ 1. Therefore,
the sum over the scaling factors in Eq. 1.3.41 is the effective number of modes
#modes:

#modes =

∞∑
8=−∞

Gain(ls,8, b, `,∆Φ). (1.3.42)

The effective number of modes typically lies in the range 40 ≤ #modes ≤ 50
(Fig. 1.13) for a photon-pair source with compensation crystal.128,205 Although,
if the length of the cavity is much longer than the combined length of the
crystals, the number of modes can be considerably higher due to the small free
spectral range.53,126
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Main finding of this chapter. The pair generation rate (Eq. 1.3.33) can now be
written as:

R = ^:�penh[s[iFsFi
4
c2Gainmax(b, `,∆Φ) cΓsΓi

Γs + Γi
#modes. (1.3.43)

This expression is the main finding of this chapter. We express the photon-pair
generation rate solely in terms of parameters which are directly accessible to
an experimenter wanting to design a photon-pair source with a specific wave-
length combination of the three fields and a specific geometrical configuration.
Eq. 1.3.43 also confirms that the brightness is proportional to the number of
modes, as highlighted by Ou and Lu.111

Cavity without compensation crystal. Eq. 1.3.43 is valid even for a cavity without
compensation crystal. But, the effective number of modes can no longer be
calculated with the help of Eq. 1.3.42. Instead, the number of modes can be
found by plugging Eq. 1.3.42 into Eq. 1.3.41 and solving for #modes:

#modes =

∫ ∞
0 dls

���k̃(ls)
���2∫ ∞

−∞ dls
Γ 2
s Γ

2
i

[Γ 2
s +4l2

s ][Γi+4l2
s ]

=
Γs + Γi

cΓsΓi

∞∫
0

dls

���k̃(ls)
���2.

(1.3.44)

The integral over the signal spectral density in Eq. 1.3.44 must be evaluated
numerically, in general. The number of modes for a cavity without a compen-
sation crystal is typically #modes < 10 for medium or low finesse cavities. In a
double-pass pump (or triply-resonant) configuration with a very high finesse, it
can be brought down to #modes ≈ 1130,136,162 (see Fig. 1.13). Of course, such a
single-mode source of photon pairs is advantageous for many applications since
no external spectral filtering is required to isolate the desired mode.

Discussion. The model for the photon-pair generation rateR (Eq. 1.3.43) applies
not only to triply-resonant cavities. By setting the reflectivity of the first mirror at
the pump wavelength to '1,p = 0, it can also be used for a double-pass pumping
scheme. Similarly, it can be used for cavity configurations where either signal
or idler fields are non-resonant.206 In the limit of vanishing mirror reflectivities,
Eq. 1.3.6 (the starting point of the discussion in this section) converges to the
model of Bennink.59
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When designing a photon-pair source with fixed cavity decay rates Γs/i, the
parameters appearing in Eq. 1.3.43 cannot be chosen independently. They are
interrelated by the properties of the crystals and the geometry of the cavity
(especially the length of the nonlinear crystal and the total length of the cavity).
Therefore, the dependence of the photon-pair generation rate on the length
of the nonlinear crystal is not obvious. We study this dependency in detail in
section 1.3.6.

Throughout this section, we assume a continuous wave pump. To also cover
pulsed pumping, the spectral structure of the pump field has to be taken into
account. In this case, Eq. 1.3.6 cannot be simplified in general and we need
to perform a numerical evaluation of the integral. The impact of the pump
spectral bandwidth on the generation rate is discussed by Jeronimo-Moreno
and colleagues.129 Note, that a pulsed pump can be used to generate spectrally
pure single photons by cavity-enhanced SPDC, as discussed in section 1.4.

1.3.5 | Comparison of theory vs. experiment

With the model from the previous section, absolute values of the photon-pair
generation rate can be estimated. To evaluate the accuracy of the model, it is
therefore mandatory to compare the theoretical prediction with values measured
in experiments.

Therefore, in table 1.1, the photon-pair generation rate R calculated with
Eq. 1.3.43 is compared with measured values Rexp for four different cavity
configurations.

Cavity configurations. The photon-pair sources discussed in this section are shown
above table 1.1. Two of these sources were built for this thesis and will be
discussed in detail in chapter 2. Since these two sources employ a low-finesse
cavity, they are contrasted with two high-finesse cavities. The high-finesse
photon-pair source reported by Scholz and colleagues128 consists of a spherical
cavity with an additional compensation crystal. In the following this source is
abbreviated with the label (HF-C).

The low-finesse sources (LF-C)205 (with compensation crystal) and (LF-NC)138
(without compensation crystal) share the same set of mirrors which form a
hemispherical cavity. All the aforementioned cavities are triply resonant.

In contrast, the monolithic high-finesse cavity (HF-M) presented by Chuu and
Harris130 is not resonant for the pump beam. Instead, the photon-pair source is
pumped in a double-pass configuration.
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high-finesse cavity with compensation crystal low-finesse cavity with compensation crystal

low-finesse cavity without compensation crystal high-finesse monolithic cavity

(HF-C)

(LF-NC) (HF-M)

(LF-C)

source (HF-C)128 (LF-C)205 (LF-NC)138 (HF-M)130

_p (nm) 447 447 447 532
l (mm) 20 20 20 10
L (mm) 66 47.5 39 10

b 0.2 0.2 0.2 0.6
` 0 1 1 0

R1p (%) 50 ± 5 60 ± 5 60 ± 5 0
R2p (%) 99.7 ± 0.2 99.7 ± 0.2 99.7 ± 0.2 99.7 ± 0.2

Tcoat,p (%) 99.65 ± 0.05 99.65 ± 0.05 99.65 ± 0.05 –
R1s/i (%) 99.95 ± 0.01 99.5 ± 0.2 99.5 ± 0.2 99.54 ± 0.10
R2s/i (%) 98.7 ± 0.5 69 ± 5 69 ± 5 99.54 ± 0.10

Tcoat,s/i (%) 99.88 ± 0.05 99.88 ± 0.05 99.88 ± 0.05 –
FSRs/(2c) (GHz) 1.52 1.84 2.7 8.32
Γ

exp
p /(2c) (MHz) 360 340 333 –
Γ

exp
s /(2c) (MHz) 5.66 120 165 12.6

Fp 4.7 ± 0.4 5.5 ± 0.4 8.0 ± 0.9 –
F exp

p 3.8 4.5 ± 1.0 8.0 ± 1.0 –
F

p
enh 2.19 ± 0.08 2.18 ± 0.01 3.87 ± 0.02 1
Fs/i 270 ± 60 16 ± 3 16 ± 3 660 ± 90
F exp

s/i 270 15 ± 1 16 ± 1 660
F s/i

enh 97 ± 19 10.1 ± 1.8 10.3 ± 1.9 210 ± 40

Nmodes 49 ± 6 39 ± 6 4.3 ± 0.2 1.002 ± 0.002
[s (%) 56 ± 11 96.9 ± 0.9 97.5 ± 0.8 49 ± 6

R (kHz/mW) 5100 ± 1800 900 ± 300 320 ± 110 450 ± 160
Rexp (kHz/mW) 3800 600 ± 100 400 ± 100 110

Rcenter (kHz/mW) 100 ± 40 22 ± 7 80 ± 30 450 ± 160
Rexp

center (kHz/mW) 60 16 ± 5 60 ± 20 –

Table 1.1 | Photon-pair generation rates – theory and experiments. Comparison of measured photon-pair generation
rates and theoretical predictions. For details see the main text.

Mirror reflectivities and crystal properties. The values for the mirror reflectivities of
sources (HF-C) and (HF-M) were not given in the corresponding publications.
Therefore, fitting values were calculated from the measured values of the finesse
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Fexp and the cavity decay rates Γ exp< . It was further assumed for source (HF-
M) that both mirrors had the same reflectivity at the signal wavelength. The
error margins for the mirror reflectivities of sources (HF-C) and (HF-M) are
estimated values. For sources (LF-C) and (LF-NC), the reflectivities of the mirrors
'1/2,< and the transmission of the crystals’ anti-reflection coatings )coat,< were
measured in the experiment. Since the crystals of source (HF-C) where built
by the same manufacturer, we assume that the anti-reflection coatings had the
same properties. For the absorption inside the crystal, absorption coefficients of
UA/7 = 0.01 %/cm and Up = 3.5 %/cm are assumed.138,207

All photon-pair sources analyzed in this section use a periodically poled KTP crys-
tal and are phase-matched for degenerated type-II parametric down-conversion.
For the effective nonlinear coefficient, the value 3eff = 1.8(2) pm/V reported
by Dixon and coworkers195 was used which lies within the range of values
published by other groups.208,209 Note, that the uncertainty in 3eff is a mayor
contribution to the overall uncertainties in R and Rcenter.

Parameters. In table 1.1, : denotes the length of the crystals and ! is the distance
between the two mirrors. _p is the pump wavelength, b is the focussing param-
eter and ` is the focus position parameter. The following values were calculated
from the cavity geometry, the mirror reflectivities and the transmission of the
crystals: the free spectral range FSRs/i, the values of the cavity finesse F<, the
enhancement factors F<enh, the number of modes #modes and the pair extraction
efficiency [pair. The photon-pair generation rate of the central mode Rcenter was
calculated by:

Rcenter =
R

#modes
. (1.3.45)

The reported values for the photon-pair generation rate (without spectral fil-
tering) Rexp where corrected for all experimental photon losses and for the
detection efficiency of the single-photon counters, but not for the extraction effi-
ciencies. The corresponding error margin therefore includes the uncertainties in
the measurement of the different photon loss factors. The corresponding values
Rexp

center for sources (HF-C), (LF-C) and (LF-NC) where measured by selecting
only photons from the central mode with spectral filters. The values given in
table 1.1 are corrected for the additional losses of the spectral filters. For the
monolithic source (HF-M), the absolute photon-pair generation rate should be
equal to the photon-pair generation rate of the central mode since this source
is essentially single-mode due to its high finesse and the double-pass pump
configuration.

Mirror phase shift and resonance frequencies. For simplicity, a relative phase of∆Φ = 0
(see Eq. 1.2.40) was assumed. For the photon-pair generation rate, this is a
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best-case scenario and corresponds to vanishing mirror phase shifts (∆X1 ≈ 0)
and relative Gouy phases (∆qeff

Gouy ≈ 0). At least for cavities (HF-C) and (LF-C)
with compensation crystals, this assumption was verified experimentally by mea-
suring the spectral shape of the parametric gain envelope (see section 2.3.3)

For cavities (LF-NC) and (HF-M) without compensation crystals, if was further
assumed that a cluster was located at the center of the parametric gain envelope.
For source (LF-NC) this was not always the case (see section 2.3.6). For source
(HF-M) this could have been achieved by fine-tuning the wavelength of the
pump, but such a fine-tuning was not discussed in the publication.

Discussion. For sources (HF-C), (LF-C), and (LF-NC), a good agreement between
the theoretical model (Eq. 1.3.43) and the measured values of the photon-
pair generation rate is found. Due to the various uncertainties (mainly in
the reflectivities of the mirrors and the effective nonlinear coefficient), the
theoretical values have an uncertainty of about 30%. The measured values all
lie within this uncertainty range, except for source (HF-M) where a significant
deviation is observed.

The deviation for source (HF-M) may have the following causes: The pump
beam might have been improperly aligned or improperly mode-matched to the
cavity, reducing the effective focussing parameter b. Additionally, the extraction
efficiency was not reported for this source and might be lower than the theo-
retical value. The extraction efficiency strongly depends on the losses in the
cavity (see section 1.3.3). Losses not covered by the theoretical model might be
caused by scattering on the spherically polished end facets of the monolithic
cavity, for example.

Note, that the assumption '1,s/i = '2,s/i for source (HF-M) might not be justified
since the coatings of the cavity’s facets must at least differ at the pump wave-
length. A more reasonable choice for the reflectivities (e.g. '1,s/i = 99.9 % and
'2,s/i = 99.1 %) would result in the same value for the finesse but a much higher
extraction efficiency of 90(10)%. The corresponding theoretical value of the
generation rate of R = 1.5(6)MHz/mW would even be an order of magnitude
larger than the measured value of Rexp = 110 kHz/mW.

Conclusion. In conclusion, the theoretical model developed in this section could
experimentally be confirmed, given that the properties of the cavity mirrors are
known with low uncertainty. Especially for high-finesse cavities, all losses inside
the cavity must also be known precisely to provide a reasonable estimate of the
generation rates. To further improve the accuracy of the predicted photon-pair
generation rate, a more accurate value of the effective nonlinear coefficient 3eff
would be required. In general, this can only be achieved by directly measuring



1.3 Cavity enhancement and brightness | 93

c

d d dl l

a b

two-crystal configuration single-crystal configuration

d dl

d

l l l

Figure 1.14 | Length optimization for cavity-enhanced photon-pair sources. In Fig. 1.15, the photon-pair generation rate
for different cavity configurations are calculated as a function of the length l of the nonlinear crystal. There
are two-crystal configurations and corresponding single-crystal configurations. Configurations a and b are
conventional cavities with a fixed spacing between crystals and mirrors of d = 1 mm. The two monolithic
configurations c and d do not have any anti-reflection coated surfaces. Their end faces are polished and a
highly reflective coating is applied to them. For configuration c, the nonlinear crystal and (rotated) compen-
sation crystal have to be optically bonded e.g. by diffusion bonding.211,212 All cavities are hemispherical and
the radius of curvature of the concave mirror is chosen such that the focussing parameter is b = 0.2 for
each length l of the crystals. The reflectivity of the mirrors at the pump wavelength is matched to the losses
inside the cavity to obtain an optimum enhancement of the pump field. At the signal and idler wavelength,
the reflectivity is chosen for every length l such that the signal and idler photon have a spectral width of
∆as/i =

√√
2 − 1 × Γs/i/(2c) = 100 MHz.161

3eff of the crystal in use since the effective nonlinear coefficient is affected by
the growth process of the crystal and imperfections in the periodic poling.210

1.3.6 | Optimization of the cavity length

One of the main objectives of this thesis is to design a cavity-enhanced photon-
pair source with a spectral bandwidth of the signal and idler photons of ∆as/i ≈
100 MHz to produce photons which are indistinguishable from photons gener-
ated by quantum dots169,213 and can be stored in quantum memories based on
neutral atoms.110,163,166

The spectral bandwidth of the photons is related to the cavity decay rate
by:161,162

∆as/i =

√√
2 − 1

Γs/i

2c
. (1.3.46)

Therefore, for a given length of the nonlinear crystal and the corresponding free
spectral range of the cavity, it is straightforward to compute the required finesse
via Eq. 1.3.13. But, it is not obvious whether the maximum generation rate per
pump power is achieved with a shorter or a longer nonlinear crystal since there
are several competing mechanisms: At least for small values of the focussing
parameter b, the generation rate is proportional to the length of the nonlinear
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crystal : (see Eq. 1.2.15). This favors longer crystals. For smaller values of :,
the free spectral range is larger and therefore a higher finesse is needed to
obtain the same linewidth. On the one hand, a higher finesse leads to a stronger
enhancement inside the cavity (see Eq. 1.3.29). On the other hand, this results
in a lower extraction efficiency due to higher losses (see Fig. 1.12).

One important loss factor is absorption inside the crystal. The loss by absorption
increases exponentially with the length of the crystal. Signal and idler photons
typically are emitted in the near infrared region where losses by absorption are
much smaller than losses by imperfect anti-reflection coatings, for example. But,
at the pump wavelength, losses by absorption can have a strong impact on the
brightness especially for long (: > 1 cm) crystals where the pump enhancement
factor is typically limited to values �penh < 5.128,138

To evaluate the influence of these different enhancement and loss mechanisms
on the photon-pair generation rate, the theoretical model previously developed
in this section (Eq. 1.3.43) is utilized. The generation rate R and the rate
of photon pairs generated into the central mode Rcenter is calculated depend-
ing on the length : of the crystals for different cavity configurations. In this
way, the optimum crystal length of a photon-pair source with a bandwidth of
∆as/i = 100 MHz is found for the different cavity configurations. The following
paragraph describes in detail the cavity configurations used in this simulation.

Cavity configurations. The generation rates as functions of the crystal length :
are calculated for the four different cavity configurations shown in Fig. 1.14.
The results are shown in Fig. 1.15 for crystal lengths between : = 1 mm and
: = 20 mm. Two-crystal configurations are compared with single-crystal config-
urations and conventional cavities are compared with monolithic cavities. An
important aim of this comparison is to evaluate the influence of the number of
(anti-reflection coated) surfaces on the generation rate.

For conventional cavities, the spacing 3 between the crystals is an important
parameter since it cannot be chosen arbitrarily small to avoid direct contact
of the different surfaces. The spacing 3 also defines an upper bound for the
free spectral range and therefore the finesse of cavity. Here, the spacing is
fixed to 3 = 1 mm for both conventional cavities and for all values of :. These
conventional cavities are contrasted with monolithic cavities where 3 = 0 mm.
Of course, a monolithic two-crystal configuration is an exotic design which would
require that nonlinear and compensation crystals are optically bonded.212,214

In Fig. 1.15, it is assumed that periodically poled KTP crystals phase-matched
for degenerate type-II parametric down-conversion pumped at 447 nm are
used. The losses at the crystals’ facets are 1 − )coat,s/i/p = 0.2 %215 for all three
fields. Note, that for the pump wavelength, the losses at the facets measured
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in the experiment were substantially higher.138 The following reflectivities are
fixed: '1,s/i = '2,p = 99.9 %. This enables maximum pump enhancement and
maximum signal/idler extraction efficiency through the second mirror. For the
absorption inside the crystal, absorption coefficients of UA/7 = 0.01 %/cm and
Up = 3.5 %/cm are assumed.138,207 The reflectivity at the pump wavelength of
the first mirror '1,p is always impedance matched to the losses to obtain an
optimum enhancement of the pump field (see Eq. 1.3.25). Only for cavities with
short crystals (low losses), the reflectivity '1,p is chosen such that the pump
cavity decay rate stays above Γp = 2c · 1 GHz to enable the generation of pure
single photons (see section 1.4). The reflectivity '2,s/i is chosen such that the
linewidth ∆as/i is 100MHz for all cavity lengths.

The radius of curvature of the concave mirror is chosen such that the focussing
parameter is b = 0.2 for all values of the cavity length. For this value of b, the
Boyd-Kleinman factor drops to about 20% of its maximum value (see Fig. 1.7).
The position of the focus with respect to the center of the nonlinear crystal is
no longer a critical parameter as the Boyd-Kleinman factor varies very slowly
with the focus position parameter ` (Eqs. 1.2.8 and 1.2.10) for b = 0.2. A
symmetrical cavity with two concave mirrors (` = 0) and b = 0.2 would have
nearly the same Boyd-Kleinman factor.

Results. Fig. 1.15 shows that for a fixed bandwidth ∆as/i = 100 MHz the gener-
ation rateR and the central mode generation rateRcenter increase monotonically
for decreasing values of the crystal length :. The cavity enhancement overbal-
ances the losses at higher values of the finesse. Compared to conventional
cavities, monolithic cavities are brighter due to lower losses. The increase in
generation rate for shorter crystals is also much stronger for monolithic cavities:
While from : = 20 mm to : = 1 mm the rates R and Rcenter are increased by
about a factor of 10 for conventional cavities, for monolithic cavities there is
an increase of more than two orders of magnitude. An important contribution
to the increase in brightness is the increase in the pump enhancement factor
�
p
enh for short cavities. The advantage of triply-resonant configurations over

double-pass pumping schemes can be quantified by comparing Fig. 1.15 with
Fig. 1.16.

The two-crystal configurations have a higher absolute photon-pair generation
rate than the corresponding single-crystal configurations caused by a higher
number of effective modes #modes. Conversely, the central mode generation rate
Rcenter is nearly an order of magnitude higher for the single-crystal configu-
rations than for the corresponding two-crystal configurations due to a higher
signal/idler finesse, a higher pump enhancement and a considerably higher
extraction efficiency [s/i.
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Figure 1.15 | Optimization of the cavity length. For details see the main text and Fig. 1.14.
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Figure 1.16 | Photon-pair generation rates without pump resonance. Here, the generation rates R and Rcenter are
shown for the same cavity configuration as in Fig. 1.15. Instead of resonant pumping, a double-pass pump-
ing scheme is simulated. This corresponds to setting F

p
enh = 1 in Eq. 1.3.43. Compared to Fig. 1.15, the

generation rates for the conventional cavities are nearly constant for all values of the crystal length l . For
l . 3 mm, the generation rates are even decreasing with decreasing values of l due to low values of the ex-
traction efficiencies. For monolithic cavities, the generation rates are also nearly constant. Only for crystal
lengths below l ≈ 3 mm, where the signal/idler finesse is very large, a significant increase is expected.

The monolithic cavities have a very high extraction efficiency ([s/i > 95 %)
for all crystal lengths down to : ≈ 2 mm. Conventional cavities with short
crystals (: < 15 mm), in contrast, have an extraction efficiency which is too
low ([pair < 90 %) for experiments which rely on efficient heralding of single
photons.

The strong increase in the generation rate for shorter cavities is mainly caused
by pump enhancement. This is illustrated in Fig. 1.16 where the generation
rates for the same cavities operated with a double-pass pump configuration are
shown. In the model (Eq. 1.3.43), this corresponds to setting �penh = 1. Without
pump resonance, the generation rates for the conventional cavities are nearly
constant for all values of the crystal length :. For small values of :, the generation
rate does no longer increase due to the low values of the extraction efficiency.
The generation rate for the monolithic cavities is increased significantly only for
crystal lengths : below ∼3 mm.

Discussion. Considering just the generation rates, cavities with short crystals
are favorable due to the higher values of the finesse. Short cavities also have
the advantage of a larger free spectral range which facilitates the filtering of
individual spectral modes. But, short cavities with a high finesse also have
disadvantages: They require a more elaborate alignment and a more precise
mode-matching to reduce unwanted resonances of higher order transverse
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modes. Additionally, a higher finesse also causes higher losses of signal and
idler photons especially for conventional cavities.

Shorter crystals also have the disadvantage that low values of the mirror radius
of curvature are required to attain the same Boyd-Kleinman factor. For : < 5 mm
the radius of curvature must lie below 20mm to obtain a focussing parameter
b > 0.2 such that off-the-shelf components for the conclusion mirrors can no
longer be used. The fabrication of monolithic cavities with a length of 1mm
and a radius of curvature of ' ≈ 3 mm is certainly challenging. Cavities in the
form of a sphere or a spherical disk (' = :/2) may be more viable.

In terms of the generation rate per mW of pump power, monolithic cavities are
superior to conventional cavities. Of course, monolithic cavities have the advan-
tage that they are not susceptible to acoustic noise or vibrations and therefore
require no active stabilization of the crystal lengths. The resonance conditions
are determined by the temperature of the crystals. Therefore, the resonance
frequencies of the three fields can in general not be tuned independently.

Alternative cavity designs. If perfect signal/idler frequency degeneracy in the cen-
tral mode is required, the resonance frequencies of all three fields must be tuned
appropriately.118,125 For conventional cavities, triple resonance with degener-
ate signal/idler resonances can be achieved by tuning the temperature and
orientation of the crystals.138,185,216 For monolithic cavities, the crystal can no
longer be tilted with respect to the optical axis. Therefore, triple-resonance with
degenerate signal and idler photons cannot be achieved at an arbitrary pump
wavelength for the monolithic single-crystal configuration unless alternative
tuning mechanisms are utilized.

To overcome this limitation of monolithic cavities, in Fig. 1.17 a modified cavity
configuration is proposed, inspired by the recent work on doubly-resonant
second-harmonic generation and squeezed light generation of Zielińska and
colleagues.152,217 The modified cavity consists of a single KTP crystal which is
periodically poled only in the central region of length :. There are three heating
elements placed beneath the crystal such that the three regions have different
temperatures )1, )2 and )3. The resonance frequencies of the three fields can be
tuned by setting these temperatures. An additional tuning parameter is strain
applied onto the crystal with a piezo-electric transducer. The expected central-
mode generation rate is identical to the monolithic two-crystal configuration c
discussed above. A slight disadvantage of this configuration is that the effective
number of modes is #modes ≈ 4 even for small values of the cavity length and
high values of the signal/idler finesse. There are always multiple clusters of
modes within the parametric gain bandwidth. A detailed analysis of this setup
is required to evaluate whether the tuning mechanisms discussed here are
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Figure 1.17 | Alternative cavity configurations with tuning capabilities. a, Design proposal for a triply-resonant cav-
ity which can be tuned to perfect signal/idler degeneracy for an arbitrary pump wavelength inspired by
the work on resonant second-harmonic generation and squeezed light generation by Zielińska152,217 and
coworkers: The cavity consists of a single nonlinear crystal which is periodically poled only in the central
region. The different regions in the crystal can be brought to temperatures T1, T2 and T3 via heating ele-
ments. The resonance frequencies of the three fields can be tuned by changing these temperatures. Addi-
tionally, mechanical strain can be applied by a piezo-electric transducer to shift the resonance frequencies.
The thermo-optic and elasto-optic coefficients are different for pump and signal/idler wavelength.217 An
additional piezo-electric transducer acting on the other axis perpendicular to the optical axis could provide
another tuning degree of freedom. Changing temperatures T1 and T3 should also allow for a tuning of the
relative phase∆Φ of the phase-balancing factor (Eq. 1.2.40). The central mode generation rate Rcenter of
this photon-pair source should be identical to the monolithic two-crystal configuration c (Figs. 1.14 and 1.15).
Further studies are required to analyze how temperature gradients affect the brightness of this setup –
especially for short cavities. b, To reduce the number of surfaces inside the cavity, a semi-monolithic
configuration can be used. The configuration shown here is inspired by earlier works on semi-monolithic
cavities,111,123 combined with the idea to use a wedged crystal.218,219 To achieve triple resonance, the crystal
can no longer be tilted since otherwise the alignment of the cavity would be lost. But, it can be translated
perpendicularly to the optical axis instead. Due to the small wedge of the crystal, the effective optical
path length is changed. On the wedged side of the crystal an anti-reflection coating (AR) is applied. On
the other side a highly reflective (HR) coating is applied, acting as the outcoupling mirror for the signal and
idler photons. The brightness and extraction efficiency of this source should be between configurations b
and d, which were shown in Fig. 1.15.
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sufficient to achieve triple resonance for all wavelength combinations. Possibly,
additional strain tuning on the other crystal axis is required to tune signal and
idler resonances independently.

Another option to reduce the losses is shown in Fig. 1.17b. In this case, a
semi-monolithic cavity with a wedged crystal is used to reduce the number of
surfaces inside the cavity. The wedge on the crystal can be utilized to tune the
resonance frequencies by translating the crystal perpendicularly to the optical
axis. This configuration has a brightness and extraction efficiency between
sources b and d, which have been discussed in Fig. 1.15. It would still need an
active stabilization of the cavity length via a piezo-electric transducer.

1.4 | Purity

If the photon-pair source is used as a source of heralded single photons, the
purity Ps of the heralded signal photons is an important figure of merit for
many experiments in quantum optics and for applications like quantum com-
putation based on linear optics66 or quantum information processing.220 The
great importance of purity in quantum optics experiments is illustrated by the
example of the well known Hong-Ou-Mandel effect.33 The visibility of the Hong-
Ou-Mandel interference can only reach unity if the two interaction photons
are spectrally indistinguishable and if both photons are in a pure state.221,222
Conceptually important experiments like quantum teleportation34,92 or entan-
glement swapping35,223 also require pure states.

Often, narrowband spectral filtering in employed to obtain pure single photons
from parametric down-conversion sources.34,35,85,223,224 But, spectral filtering
of conventional down-conversion sources always results in a reduced heralding
efficiency.68,69

The spectral correlations of signal and idler photons in parametric down-
conversion can be eliminated by variousmethods without spectral filtering,225–227
e.g. by group velocity matching71 or Gaussian phase matching conditions.228,229
A detailed discussion how to use and optimize these methods in practical exper-
iments can be found in the recent publication by Graffitti and colleagues.230

This section shows that triply-resonant cavity-enhanced parametric down-con-
version can also produce photons in a pure state. For this, a pulsed pump
and spectral filtering to isolate a single spectral mode are required. For cavity-
enhanced photon sources, the spectral filtering does not degrade the heralding
efficiency for signal photons emitted into the selected spectral mode.
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In the following, the concept of the spectral purity of a single photon state will
be introduced. It will be shown how Schmidt decomposition can be used to
calculate the purity of a heralded single photons generated by spontaneous
parametric down-conversion. Subsequently, the purity of photons generated in
a triply-resonant cavity is analyzed quantitatively. Spectrally pure photons can
only be generated if the spectral bandwidth of the pump and the linewidth of
the cavity at the pump wavelength are much larger than the cavity decay rate
of the signal and idler fields. Additionally, the linewidth of the pump resonance
must be large enough. Otherwise, the pump-pulse would be (partially) reflected
by the cavity.

1.4.1 | Purity and Schmidt decomposition

If the down-conversion source is used as a heralded single-photon source, the
two-photon wave function (Eq. 1.1.28) can be written as:��k〉

=

∞∫
0

dls dli k(ls,li)0̂†s (ls)0̂†i (li) |0, 0〉 , (1.4.1)

where the vacuum contribution is discarded due to the heralding process.
Now, a basis of orthogonal Schmidt modes k<(ls) and q<(li) with creation
operators226,231

1̂†< =

∞∫
0

dls k<(ls)0̂†s (ls)

2̂†< =

∞∫
0

dli q<(li)0̂†i (li)
(1.4.2)

can be introduced. Note, that in general the analytic form of k< and q< cannot
be found and must be approximated numerically.221,231 The two-photon state
can now be expressed as a (possibly) infinite sum:��k〉

=
∑
<

√
_<1̂
†
< 2̂
†
< |0, 0〉

=
∑
<

√
_< |1<〉 |2<〉 ,

(1.4.3)

where the so-called Schmidt coefficients _< are sorted in descending order of
magnitude and fulfil

∑
< _< = 1. The joint spectral amplitude now is of the
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form:225,231

k(ls,li) =
∑
<

√
_<k<(ls)q<(li). (1.4.4)

Assume that the idler photon is used to herald the presence of a signal photon:
If the idler photon is detected by a single-photon detector which does not
discriminate the different Schmidt modes, the state after measurement is:228

ds =
∑
<

_< |1<〉〈1< | (1.4.5)

This is a mixed state in general and a pure state if and only if _1 = 1 and _< = 0
for all < > 1. With Eq. 1.4.4, this implies that the heralded signal photon is in a
pure state if and only if the joint spectral amplitude is separable:

k(ls,li) = k1(ls)q1(li). (1.4.6)

Purity. The purity Ps of the heralded signal photon can be derived from the
density operator of the two-photon state:221

d =

���k̃〉〈
k̃

��� , (1.4.7)

by taking the partial trace:

ds = Tri(d) =
∑
<

〈2< |d|2<〉 . (1.4.8)

Accordingly, the purity of the heralded photons is defined as:

Ps = Trs(d2
A ) =

∑
<

〈1< |d2
s |1<〉 =

∑
<

_2
<. (1.4.9)

Schmidt decomposition. The purity can be calculated numerically71 by construct-
ing a complex matrix Ψ with matrix elements:

Ψ89 = k(ls,8,li,9), (1.4.10)

where ls,8 and li,9 are discrete sampling points laid out in a rectangular or
square grid. The sampling points need to lie sufficiently close to each other
to sample all structural features of the joint spectral amplitude. Now, the
singular values232 3< of the matrix (Ψ89) can be computed.227 In the limit
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Figure 1.18 | Generation of pure single photons. a, A photon-pair source based on triply-resonant cavity-enhanced
SPDC can herald spectrally pure photons in the signal arm if two conditions are fulfilled: The photon-pair
source is operated with a pulsed pump of sufficient bandwidth and the spectral linewidth of the pump res-
onances is much broader than the signal/idler resonance line widths. Signal and idler photons are split at a
polarizing beam splitter. In the idler arm, a narrow spectral filter selects only a single spectral mode. A click
at the idler single-photon detector then heralds the presence of a signal photon in a spectrally pure state.
b, The joint spectral amplitude

��k(ls,li)
�� is plotted for a photon-pair source with compensation crys-

tal pumped by a pulsed pump. The corresponding pump spectral amplitude
��s(ls,li)

�� and Lorentzian
contribution of the pump resonance

��Lp(ls,li)
�� (Eq. 1.4.14) are shown in panel c and d, respectively. The

pump resonance linewidth is much larger than the signal/idler linewidth (Γp � Γs/i). A Gaussian pulse
with a spectral width fp much larger than the signal/idler cavity decay rate Γs/i is simulated. The pump
spectral amplitude has a diagonal structure since s(lp) = s(ls + li). The central region marked in
b indicates the frequencies which are transmitted by the spectral filter shown in a. Though only the idler
photons are directly spectrally filtered, the frequency of the corresponding heralded photons in the signal
arm is also fixed due to energy conservation.

��ls/i,8 − ls/i,8+1
�� → 0, the normalized singular values 3< correspond to the

Schmidt coefficients:71

3< →
√
_<. (1.4.11)

Using Eq. 1.4.9, the purity can numerically be approximated by:

Ps =
∑
<

34
<. (1.4.12)
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Figure 1.19 | Joint spectral amplitude and spectral purity depending on pump spectral bandwidth and pump cavity
linewidth. a, Joint spectral amplitude

��k(ls,li)
�� for large pump cavity decay rate (Γp � Γsi) for dif-

ferent values of the pump spectral bandwidth fp. If the pump spectral bandwidth is smaller than the sig-
nal/idler cavity decay rate, strong spectral correlations between signal and idler photons can be observed.
The spectral correlations result in a symmetric joint spectral amplitude which cannot be factored into a
signal and an idler part. Only if both Γp � Γs/i and fp � Γs/i are fulfilled, the spectral purity of the
generated photons approaches unity and the joint spectral amplitude is symmetric. Here, it is assumed
that the heralding idler photons are spectrally filtered as shown in Fig. 1.18b. b, Joint spectral amplitude
for a broadband pump (fp � Γs/i) for different values of the cavity decay rate at the pump wavelength
Γp. c, Purity Ps as a function of either Γp/Γs/i or fp/Γs/i. For a continuous wave pump or a very narrow
pump resonance, signal and idler photons are highly correlated and the signal photon purity approaches
Ps ≈ 0. If s(ls,li) and Lp(ls,li) are nearly constant over the length scale of the signal/idler cavity
decay rate, the signal photon purity approaches Ps ≈ 1 (see Fig. 1.18).
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1.4.2 | Triply-resonant cavity-enhanced parametric down-conversion

The purity of a cavity-enhanced source with single-pass pumping has been
analyzed quantitatively by Brecht and coworkers.137 They found that spectrally
pure photons can be heralded given that a pulsed pump with a pulse bandwidth
fp much larger than the signal/idler cavity decay rates Γs/i is used. Zhang et
al.107 came to the same conclusion and verified the purity with a Hong-Ou-
Mandel type experiment using a cavity with a single-pass pump. Qualitatively,
the relation between pulse bandwidth and purity had already been discussed
by Jeronimo-Moreno and colleagues.129 Jeronimo-Moreno also pointed out
that for a triply-resonant cavity, the pump resonance also induces spectral
correlations between signal and idler photons. They argued that to herald
spectrally uncorrelated photons, the cavity decay of the pump field must also
be much larger than the signal/idler cavity decay rates. This section confirms
their findings quantitatively by studying the purity of heralded single photons
generated in a triply-resonant cavity.

In the following, we consider the case where only the central mode of the full
triply-resonant down-conversion spectrum is spectrally selected with a filter,
as shown in Fig. 1.18. Here, the joint spectral amplitude can be factored into
Lorentzian contributions !< from the pump, signal and idler resonances (see
Eq. 1.3.40), and the pump spectral amplitude distribution A(lp) = A(ls + li)
introduced in (1.1.17):

k(ls,li) ∝ A(ls + li)!(Γp,ls + li)!(Γs,ls)!(Γi,li), (1.4.13)

with

!(Γ<,l<) = 1
Γ</2 + 7

[
l< − l0,<

] , (1.4.14)

where l<,0 is the resonance frequency of the selected mode and Γ< is the cavity
decay rate. It is assumed that lp = l0,p and l0,s = lp − l0,i, i.e., the triple-
resonance condition is fulfilled. The parametric gain bandwidth is typically
much larger than the linewidth of the selected spectral mode. Therefore, the
parametric gain envelope is a constant and does not enter in Eq. 1.4.13.

Monochromatic pumping. For a monochromatic continuous wave pump beam, the
pump spectral amplitude can be approximated by a delta distribution:

Acw(l) = X(l − lp)
⇒ Acw(ls + li) = X(lp − ls − li). (1.4.15)
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Therefore, the joint spectral amplitude is highly anti-correlated and k(ls,li)
is not factorable in the form of Eq. 1.4.6:

k(ls,li) = k(ls,lp − ls)
= !p(lp)!s(ls)!i(lp − ls) (1.4.16)

Pulsed pumping. In the following, we assume that a pulsed pump233 with band-
width fp and a Gaussian spectral amplitude distribution

Apulse(l) =
(
log(16)
cf2

p

)1/4
4
−2 log(2)l2

f2
p (1.4.17)

is used. In Figs. 1.19a and 1.19b, the joint spectral amplitude is plotted for
various values of the ratios of Γp/Γs/i and fp/Γs/i. If either fp or Γp are of the
order of Γs/i or smaller, strong spectral correlations between signal and idler
photons indicated by an asymmetric joint spectral amplitude can be observed.
By computing the singular values and using Eq. 1.4.12, the purity Ps as a
function of the ratios Γp/Γs/i and fp/Γs/i were computed. The results are shown
in Fig. 1.19c.

Discussion. Fig. 1.19 quantitatively confirms the findings of Jeronimo-Moreno
and coworkers. The pulse spectral amplitude A(ls,li) and the pump resonance
function !p(ls,li) must be nearly constant over the scale of the signal/idler
cavity decay rate Γs/i to herald signal photons with purity P ≈ 1. These two
functions can then be pulled out of the integral in Eq. 1.4.1 as a constant factor
and the joint spectral density takes the factorable form:

k(ls,l7) ≈ !s(lA)!i(l7). (1.4.18)

While both fp � Γs/i and Γp � Γs/i are required for high purity, the pump decay
rate should also be larger than the pulse bandwidth (Γp & fp) to avoid that the
pump pulse is partially reflected by the cavity.129 Note, that the photon-pair
generation rate decreases with increasing values of fp and Γp since the values
of A(l0,s,l0,i) and !p(l0,s,l0,i) decrease.234 Therefore, a compromise between
purity and the required pump power has to be found.

In principle, the purity of the signal photons can also be increased by temporal
filtering.132 But, temporal filtering always results in losses of photons and
therefore a reduced heralding efficiency. Only if the detection of the heralding
idler photon approximates a single-mode measurement, this degradation in
heralding efficiency can be circumvented.235
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So far, the higher-order multi-pair contributions of parametric down-conversion
were not discussed in this section. These also limit the purity of the gener-
ated state.236 This further emphasises that a compromise between generation
rate and purity has to be found since large values of the generation rate corre-
spond to higher multi-pair contributions due to the thermal photon statistics of
spontaneous parametric down-conversion.





2 Experiments

In this chapter, we present the design and characterization of a cavity-enhanced
photon-pair source based on SPDC. We present the experiments performed
within the scope of this thesis.

The main goal of this thesis is to design a cavity-enhanced photon-pair source
with degenerate signal and idler photons resonant to the cesium D1. The
experimental setup is based on the design of Scholz and coworkers.128,237,238
While Scholz’s work focusses on a narrow linewidth (3–4MHz) cavity, here, the
target signal-idler bandwidth is >100MHz. As discussed below, the design of
the new photon-pair source therefore differs from the design proposal by Scholz
and coworkers in many aspects.

In this chapter, we show that for many experiments it is beneficial not to use a
compensation crystal inside the cavity. Although tuning the cavity to perfect
degeneracy is more involved without compensation crystal, to achieve the design
goal (high-brightness source with large spectral bandwidth of signal and idler
photons) a single-crystal configuration is advantageous.

Filter cavities. Both the two-crystal and the single-crystal cavity emit spectrally
multi-mode signal and idler photons. Therefore, spectral filtering of the cen-
tral, degenerate mode is required. Section 2.1 presents a novel implementa-
tion of temperature-tuned monolithic Fabry-Pérot filter cavities. We refine the
experimental proposal of Palittapongarnpim and colleagues.239 With an opti-
mized mounting of the cavity, we eliminate birefringence. Thereby, we achieve
polarization-independent operation which is crucial in many applications and
for several experiments presented in this thesis. By cascading two filter cavities
with differing free spectral ranges, we build a high-resolution spectrometer.

Photon-pair source and digital locking electronics. Section 2.2 presents the experimen-
tal details of the newly developed photon-pair source including the mechanical
design and a characterization of the fluorescence background generated inside
the nonlinear crystal. We conclude the description and characterization of the
experimental tools and the down-conversion setup by presenting the various
feedback control systems required to operate the cavity-enhanced source. To
stabilize the distance of the two cavity mirrors, we use a specialized digital
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locking scheme. This micro-controller based feedback loop enables automatic
re-locking and, thus, nearly unlimited measurement duration without manual
intervention.

Signal/Idler spectrum. The theory developed in chapter 1 predicts the spectral
structure of signal and idler photons. In section 2.3 we measure the signal/idler
spectral density both with a conventional grating spectrometer as well as with
the high-resolution cascaded filter-cavity scheme. We confirm the theory not
only for the static case, but also for temperature tuning of the nonlinear crystal.
We further analyze the impact of the mirror-spacing on the spectral properties
for a cavity without compensation.

Signal/Idler correlation. The joint spectral amplitude determines not only the spec-
tral properties and correlations between signal and idler photons. As we will
show in section 2.4, the joint spectral amplitude is also directly connected to the
temporal correlation of the two photons of one pair. We measure this correlation
via the second-order signal-idler correlation function. The main contribution
of this section is the focus on the impact of both pump resonance and spectral
filtering on the correlation function.

Hong-Ou-Mandel effect. The photon-pair source is designed to generate signal
and idler photons which are indistinguishable in all degrees of freedom (except
for their polarization). In section 2.5, we verify that both the (spectrally fil-
tered) two-crystal configuration and the single-crystal configuration produce
indistinguishable photons by measuring the Hong-Ou-Mandel effect. Addition-
ally, we theoretically analyze two-photon interference of photons generated
by cavity-enhanced SPDC. Again, the joint spectral amplitude leads us to the
conclusion that the Hong-Ou-Mandel signal also sensitively depends on the rel-
ative phase of pump, signal and idler fields inside the triply-resonant cavity. We
verify this theory by measuring the Hong-Ou-Mandel dip with the (unfiltered)
two-crystal cavity where we can tune this phase by changing the compensation-
crystal temperature. We conclude chapter 2 by providing evidence that we can
use the cavity-enhanced photon pair source to generate polarization-entangle
photons.

2.1 | Filter cavity

Current experiments in quantum optics employ a variety of photon sources,
such as single atoms and ions,240–242 defect centers in diamond,243 quantum
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Figure 2.1 | Monolithic Fabry-Pérot cavity with single-mode fiber coupling. a, As in the proposal of Palittapongarnpim
and colleagues,239 the cavity is built of an of-the-shelf plano-convex lens with center thickness d and ra-
dius of curvature R . Onto both sides, a highly reflective coating is applied. The resonance frequencies of
the resonator can be tuned by changing the substrate temperature. Any high-transmission substrate can
be used. But, substrates with larger values of the thermal expansion and thermo-optic coefficients (e.g.
BK7) are favored due to their higher tuning rate upon temperature changes. b, Mode matching: The filter
cavity is mode-matched to signle-mode fibers with two telescopes. These consist of fiber collimators with
movable lenses (Schäfer+Kirchhoff 60FC) and additional mode-matching lenses L1 and L2. By translating
L1/2, the focus can be positioned at the flat mirror of the filter cavity. The beam waist can be matched to
the fundamental mode of the cavity by adjusting the position of the lenses inside the fiber collimators.

dots,244,245 or spontaneous parametric down-conversion.246 These sources typi-
cally have limited count rates, and can be spectrally multimode or have relatively
large linewidths. For certain experiments, only a single spectral mode might
be necessary, and the linewidth of the emission needs to be tailored to a spe-
cific value. In more complex architectures, including multiple sources, photons
might need to be filtered to have identical spectral properties.168 Traditional
two-mirror configurations of Fabry-Pérot etalons can be difficult to stabilize or
set up. They are often operated with additional stabilization laser beams which
can introduce noise photons into the experimental setup or require a mechanical
chopper which reduces the duty cycle of the experiment.127,247–249

Cascaded monolithic filter cavities. We present a filtering setup that relies on cascad-
ing of two monolithic Fabry-Pérot cavities to achieve fully customizable narrow
linewidth transmission. In 2012, Palittapongarnpim, MacRae, and Lvovsky,239
proposed to use monolithic Fabry-Pérot cavities based on of-the-shelf lens sub-
strates. Based on their proposal, here, we present a modification of both cavity
design and mounting. In contrast to the original manuscript, this modification
permits simultaneous filtering of photons with orthogonal polarizations at the
same frequency. By cascading two filter cavities with different free spectral
ranges, we extend the (effective) free spectral range (FSR) of the filtering system
to hundreds of GHz. Parts of this section have been published in Ref. [205] and
have been discussed in Ref. [250].

For all experiments discussed in this chapter, we use two different filter cavities.
Filter cavity FC1 has high-reflectivity coatings with a finesse of F1 = 175.
The substrate has a center thickness of 3 = 2.6 mm and free spectral range



112 | Experiments

of 37.8GHz. This corresponds to a linewidth of Γ1 = 2c · 192 MHz. Filter
cavity FC2 has a low finesse of F2 = 32, a center thickness of 3.6mm, a FSR
of 28.8GHz, and a linewidth of Γ2 = 2c · 885 MHz. For both cavities, high
quality, of-the-shelf lenses with a surface figure of _/10 (Laser Components
PLCX-25.4/64.4C and PLCX-25.4/38.6C) were used as substrates.

2.1.1 | Cavity mounting and characterization

Monolithic Design. The use of monolithic Fabry-Pérot interferometers as frequency
filters has several distinct advantages: They offer high transmission at the reso-
nance frequency while maintaining high suppression of unwanted frequencies.
They preserve the Gaussian mode profile of the incoming beam. Finally, they do
not need sophisticated locking schemes,127,128 since the resonance frequency
can be adjusted by temperature tuning of the cavity material. Nevertheless, the
accessible free spectral range is limited. For a large FSR, a very small cavity
thickness is required, which results either in a large beam waist or a very small
radius of curvature of the cavity. For a narrow linewidth, a cavity with a large
FSR requires a high finesse, which often results in poor transmission since high-
finesse cavities are more susceptible to losses caused by small imperfections on
the surfaces or by absorption inside the resonator (see section 1.3.3).

Stress-free mounting and birefringence. Fig. 2.2 shows the prototype and improved
design of the cavity mount. The cavity described by Palittapongarnpim and
colleagues239 suffers from birefringence in the cavity substrate resulting in a
splitting of the cavity resonances. Therefore, special care has been taken to
eliminate mechanical stress acting on the cavity substrate. The cavity substrate
is inserted into a commercial 1 inch lens holder with an internal thread and is
held in place by a retaining ring. The pressure exerted by the retaining ring
onto the substrate is finely tuned by monitoring the stress-induced birefringence
(see Fig. 2.3).

If a large torque is applied to the retaining ring, birefringence is introduce into
the lens material and the cavity resonance splits up. The torque is reduced
until this splitting can no longer be observed. But, the torque is still strong
enough such that the cavity is held in place and the position relative to the laser
beam does not change over time. To be able to eliminate birefringence is an
important improvement over the setup of Palittapongarnpim and coworkers.
This improvement allows for simultaneous filtering of two perpendicularly
polarized signals at the same frequency (see section 2.5).
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Figure 2.2 | Stress-free mounting of the monolithic filter cavity. a, Prototype of the cavity mount: The lens with high-
reflection (HR) coatings is placed into a commercial lens holder with internal thread. The lens holder is
screwed onto an aluminum mount which in turn is pressed onto a Peltier element under an angle of 90°
with respect to the optical axis. Due to the large thermal mass of the assembly, the temperature of the
cavity can only be tuned slowly. For temperature stabilization, a 10 kΩ thermistor is glued into the lens
holder. By untightening the retaining ring, mechanical stress-induced birefringence of the cavity material
can be reduced (see Fig. 2.3). b, Improved design of the cavity mount: The flat side of the high-reflection
coated plano-convex lens is directly attached to a Peltier element with a central hole for optical access. In
contrast to the prototype, the thermal mass of the lens holder is reduced, resulting in a much faster thermal
relaxation time (see Fig. 2.5). The lens holder and the Peltier element are clamped to an aluminum heat
sink. The clamp is made of Polyoxymethylene (POM).
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Temperature-dependence of the transmission. Since the lens mount is also attached
to the Peltier element, it is affected by deformation due to temperature changes
as well. We suspect that our mounting concept also reduces transmission losses
due to misalignment and mode mismatch caused by these deformations. We
measured a loss of the transmission at the resonance frequency of less than
10% for a temperature change of 15K. This temperature change corresponds
to a detuning of more than a free spectral range. In contrast, Palittapongarnpim
and colleagues observed a reduction of transmission by more than 30% for a
15K temperature change.

Absolute calibration of the resonance frequency. To evaluate the response of the filter
cavities to temperature changes, we have to measure the resonance frequency
relative to an absolute frequency reference. We use the four well-known hyper-
fine transitions of the cesium �1-line at 894 nm for this purpose. In the following,
the frequency l0 corresponds to the � = 4 to � ′ = 3 transition.251 The measure-
ment setup is depicted in Fig. 2.4. The laser frequency is scanned repeatedly over
the absorption lines. Simultaneously, we record the filter cavity transmission
spectrum with a photodiode. With this method, we can calibrate the absolute
values of the resonance frequencies depending on the substrate temperature
of the filter cavity. We measure a tuning rate of dl/d) = 2c · 2.7 GHz/K. A
similar value has been found by Palittapongarnpim and coworkers for the same
cavity substrate.239 Additionally, we can measure the impact of the design of
the cavity mounting on the tuning speed and thermal relaxation times with this
measurement scheme.

Tuning speed. Fig. 2.5 compares the tuning speed and the thermal relaxation
time of the prototype and the improved cavity design. The improved cavity
mounting utilizes a Peltier element with a central hole to reduce the thermal
mass of the mounting assembly. The direct contact between Peltier element and
cavity substrate allows for a much faster tuning speed of the cavity resonance
frequency. While, for the prototype, we measure a tuning rate of 50MHz/s, for
the improved design a tuning rate of > 300 MHz/s can be achieved. These tun-
ing rates are obtained for temperature-controller settings which are optimized
for minimum settling time and minimum overshoot. If we apply the maximum
Peltier current of 1.5 A, we measure a tuning rate of 2GHz/s for the improved
design.

Thermal relaxation and resonance frequency estimation. Besides the increase in tuning
speed, with the improved mounting design we reduce the thermal relaxation
time from over 100 s for the prototype to below 30 s for the improved design.
Additionally, we also reduce the delay between a measured change in tempera-
ture and a measured drift of the resonance frequency for the improved design.
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Figure 2.3 | Measurement of the stress-induced birefringence inside a filter cavity. a, The frequency of the laser is
swept over a resonance of the cavity. The polarization of the laser is aligned with a half-wave plate (HWP)
either along the ordinary axis or the extraordinary axis of the cavity substrate. The transmitted power
is recorded with a photodiode (PD). b, If a large torque is applied to the retaining ring, we observe stress-
induced birefringence. The resonance frequency of the ordinary polarization ( ) is shifted with respect to
the extraordinary polarization ( ) by up to 20 % of the cavity linewidth. Similar results have been found
by Palittapongarnpim and coworkers.239 c, By choosing a lower torque for the retaining ring, the stress-
induced birefringence can be eliminated. Therefore, the resonance frequency for the two perpendicular
polarization directions is identical within the measurement uncertainty.
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Figure 2.4 | Filter cavity calibration. a, Setup for the characterisation and calibration of the filter cavities: The frequency
of an external cavity diode laser (Toptica TA pro with a mode-hop free tuning range of∼30 GHz) is repeat-
edly scanned over a resonance of the filter cavity. The power transmitted through the cavity is monitored
with a photodiode (PD). Simultaneously, we record the transmission of the laser through a cesium vapor
cell. Subsequently, we utilize the well-known positions of the cesium D1-line hyperfine transitions to cali-
brate the absolute frequencies of the transmission spectra. b, Filter cavity transmission ( ) and Doppler-
broadened hyperfine absorption lines of the cesium D1 line ( ). Here, we scan the frequency of the laser
l relative to the F = 4 to F ′ = 3 hyperfine transition of the cesium D1-line at frequencyl0. The accu-
racy of the calibration method is limited by nonlinearities between the applied voltage to the piezo-electric
tranducer attached to the grating of the laser and the frequency variations of the laser. These nonlineari-
ties are especially hard to detect for frequencies not in the vicinity of an absorption line. A Doppler-free
measurement setup therefore did not improve the accuracy of the calibration.
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Figure 2.5 | Filter cavity tuning speed and relaxation time. At time t = 0 the set point of the temperature controller
is reduced by ≈1 K, resulting in a drift of the resonance frequency of about∆a = 3 GHz. The measure-
ment setup is depicted in Fig. 2.4. a, For the prototype (Fig. 2.2a), a tuning rate of about 50 MHz/s was
measured. Due to the large thermal mass of the cavity mount, the thermal relaxation time is well above
120 s. b, With the improved cavity mount (Fig. 2.2b), the tuning rate is increased to more than 300 MHz/s
and the relaxation time is reduced to less than 30 s. The temporal lag between the measured values of the
temperature and the resonance frequency is also reduced. With a reduced lag, the resonance frequency
can be inferred from a temperature measurement with increased accuracy.
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This lag plays an important role if the filter is used as a scanning Fabry-Pérot
filter where we measure the transmission of a signal while we slowly scan the
temperature of the cavity: Note, that we cannot monitor the actual resonance
frequency at any point in time without side effects if we use the cavity to filter
weak signals at the single-photon level. In principle, we could introduce an
additional read-out laser to measure the actual resonance frequency. But, any
additional light will either degrade the transmission of the filtering system,
as additional spectral filters to block the read-out laser are required, or the
additional read-out laser will reduce the signal-to-noise ratio of the measured
signal.

Therefore, a small delay between changes in temperature and resonance fre-
quency is important. For the improved mounting design, we obtain a more
precise estimate of the actual resonance frequency at every point in time during
the scan from the measured temperature. Thus, we do not require an additional
read-out laser to monitor the cavity resonance frequency even if we scan the
temperature.

Transmission and impedance matching. For cavities with a low finesse of F1 = 32,
we measure a maximum transmission at the resonance frequency of 85–90%.
For the high-finesse cavities (F2 = 175), we obtain a filter transmission of
50(4)%. This value is significantly lower than the maximum transmission of
60% measured by Palittapongarnpim and coworkers for a cavity with an even
higher finesse of F = 275.

On resonance, the high-finesse cavity FC2 reflects up to 35% of the incident
light. The surface quality of the substrates of cavities FC1 and FC2 is comparable
to the cavity of Palittapongarnpim and coworkers. In combination with the
low transmission, we therefore attribute the poor transmission performance to
an imperfect impedance matching of the two high-reflectivity coatings. With
commercial-grade coatings, we would expect a significant improvement of the
maximum transmission.

Stability. As shown in Fig. 2.6, the filter cavities feature an excellent stability of
the resonance frequency. If enclosed in a plastic box to shield the setup from
turbulences and temperature fluctuations in the surrounding air, the root-mean-
square (RMS) resonance-frequency drift over a measurement duration of 15 h
is less than 2% of the cavity linewidth. With the tuning rate of 2.7GHz/K, this
corresponds to a RMS temperature stability of better than 1.5mK.

On a time scale of several days, we observe a fluctuation of the resonance fre-
quency of about 50MHz. On a time scale of months, the resonance frequency
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is stable within 75MHz. The cause of these long-term drifts cannot be identi-
fied, but they might be attributed to strong variations of the air humidity in
the laboratory, for example. Measurements with an additional high-precision
temperature sensor mounted into the lens mount did not find a correlated drift
of the cavity temperature which could have attributed the long-term drifts to
imperfections of the temperature controller.

Hysteresis. Besides stability, repeatability is of great importance for experiments
which rely on an absolute calibration of the resonance frequency of a filter
cavity. To analyze the repeatability, we periodically vary the set point of the
temperature controller, alternating between three different temperatures (see
Fig. 2.7). While the two outermost points show excellent repeatability, for the
inner point we observe a significant hysteresis. Depending on the direction of the
temperature change, the system settles on two different resonance frequencies.
The deviation between these two points stretches up to 40MHz, depending on
the temperature difference of the end points of each step.

We cannot identify the cause of the hysteresis. We attach an additional tem-
perature to the lens mount. But, we do not observe a significant hysteresis
of the temperature of the lens. Therefore, the temperature controller can be
excluded as the source of the observed hysteresis of the resonance frequency.
The hysteresis might be caused by thermal deformations due to the differing
thermal expansion coefficients of the cavity substrate and the aluminum lens
mount.

For most applications of the filter cavity, the hysteresis is not a limiting factor.
For the low-finesse cavity FC2, the offset caused by the hysteresis is much smaller
than the cavity linewidth. For the high-finesse cavity, we take the hysteresis into
account in the calibration procedure. The resonance frequency of the cavity
can be reliably brought to any desired value by always approaching the target
temperature from the same direction.

2.1.2 | Application: Spectral analysis of quantum dot resonance fluorescence

The monolithic Fabry-Pérot cavities can be used as high-resolution spectrum
analyzers. Fig. 2.8 shows an experiment where we use the high-finesse filter
cavity (FC1) to analyze the spectral properties of single photons generated by
resonantly excited quantum dots.252

As shown in Fig. 2.8, a sample of self-assembled InGaAs/GaAs quantum dots258
is placed into a helium flow cryostat. A continuous wave pump laser with a
power of about 700 nW is used to resonantly drive the two-level system of the
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Figure 2.6 | Filter cavity stability. Stability of the resonance frequency of filter cavities FC1 ( ) and FC2 ( ) over
a measurement duration of 15 h. For FC1 (FC2) a root mean square (RMS) deviation of 4.0 MHz (2.1 MHz)
was measured. This corresponds to a fraction of 2 % (0.2 %) of the cavity linewidth. With a tuning rate
of 2.7 GHz/K, a long-term RMS temperature stability of better than 1.5 mK can be inferred. This level of
stability can only be attained by enclosing the whole cavity mount assembly in a plastic box to shield it
from turbulences in the surrounding air.

a b

Figure 2.7 | Filter cavity hysteresis. Measurement of the hysteresis of the filter resonance frequency upon repeated
changes of the substrate temperature. The measurement setup shown in Fig. 2.4 is used. a, The set point
of the temperature controller is repeatedly set to three different values shifting the resonance frequency
of the filter cavity by about 2.5 GHz in each step. The outermost points show an excellent repeatability
over time with a stability similar to the measurement shown in Fig. 2.6. b, Detail of the data shown in a:
A significant hysteresis is observed. Depending on the direction of the temperature change, the resonance
frequency stabilizes on two different values. A deviation of up to 40 MHz was observed depending on the
difference between initial and final temperature.
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Figure 2.8 | Quantum dot resonance fluorescence. a, The quantum dot sample is placed into a helium flow cryostat
at a temperature of about 4 K. A continuous wave 894 nm pump laser (Toptica TA pro) is tuned in reso-
nance with the exciton transition of the quantum dot. The polarization of the pump laser is purified by a
high-quality linear polarizer (LIN1). The resonance fluorescence is collected with a high-numerical-aperture
objective lens and coupled into a single-mode fiber. The quarter-wave plate (QWP) in front of the objective
compensates for slight polarization rotations caused by the window of the cryostat. The polarizing beam
splitter (PBS) and an additional linear polarizer (LIN2) block the reflected pump light with a suppression by
a factor larger than 108.253 To record the spectrum, the resonance frequency of the filter cavity is scanned
over the laser wavelength and the transmission of the photons is monitored with an avalanche photodiode
(APD). A non-resonant repump laser with a power of∼2 nW at 532 nm is used to stabilize the charge car-
riers inside the quantum dot and, thus, enhance the emission at resonant wavelength.254,255 The reflected
repump light is blocked with a band-pass filter (BP). b, Mollow-triplet256 of the quantum dot resonance
fluorescence with a Rabi frequency of ∼1.2 GHz. The measured APD count rate ( ) as a function of the
filter cavity detuning∆a from the pump laser frequency is in good agreement with the theory given by
Astafiev and colleagues.257 For the fit ( ), we have to take into account residual photons from the pump
laser transmitted though the crossed polarizers. The measurement was performed and the data shown
here was kindly provided by Tim Kroh and Christian Pugatschow.252
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quantum dot exciton transition. The resonance fluorescence is collected into a
signle-mode fiber. The transmission through the filter cavity is monitored with
an avalanche photodiode. To block the reflected pump light, a crossed-polarizer
scheme253 was utilized.

The measured spectrum (Fig. 2.8b) shows the familiar features of a Mollow
triplet.256,257 Due to the calibration (see Fig. 2.4) of the filter cavity, with the
monolithic design, the absolute emission wavelength of the quantum dot can
be measured. Another advantage over Fabry-Pérot cavities tuned with a piezo-
electric transducer is that the monolithic cavity can be used as a long-term stable
monochromator for the generated photons. Cavities tuned with a piezo-electric
transducer are often more susceptible to acoustic noise. Therefore, there is a
lower bound for their tuning rate since the resonance frequency is stable only
over short periods of time. The inherent stability of the monolithic filter cavity
allows for very low tuning rates (<1MHz/s). For the measurement shown here,
this allows for a longer integration period for each data point and an increased
signal-to-noise ratio compared to a scan with a piezo-tuned cavity.

2.1.3 | Cascaded filtering system

As discussed in Fig. 2.8, the filter cavities are ideally suited for spectral analysis.
But, in case of a single filter cavity, only signals can be analyzed for which
the spectral width is not larger than the free spectral range of the cavity. To
increase the (effective) free spectral range, two filter cavities with differing
central thickness can be combined.

Fig. 2.9a shows such a cascaded filter system. Here, filters FC1 with a FSR
of 39GHz and FC2 with a FSR of 29GHz are connected with a polarization-
maintaining fiber. The resulting filter system has a linewidth comparable to the
high-finesse cavity FC1. Since the adjacent resonances of the two filter cavities
do not overlap (Fig. 2.9b), we extend the effective free spectral range to nearly
500GHz (Fig. 2.9c).

Synchronous tuning. The transmission wavelength of the combined system can
be tuned over a wide range of frequencies (much larger than the free spectral
range of each filter). While tuning the combined system, we can restrict the
tuning range of each filter to one FSR (see Fig. 2.9d). A prerequisite for this
long-range tuning scheme is that the free spectral ranges of the filter cavities
must be known with high accuracy to precisely reset the temperature of the
filter by one FSR after each step.
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High-precision measurement of the free spectral range. To measure the FSR, we create
sidebands in the spectrum of a continuous wave laser with a variable-frequency
phase modulator (EOSPACE). We monitor the transmission of the laser through
the cavity with a photodiode, while we scan the laser frequency. For amodulation
frequency of FSR/2, the sidebands transmitted by adjacent cavity resonances
overlap. Since we know the modulation frequency with a low uncertainty, the
precision (relative to the full FSR) of this measurement method is better than
10−4. We measure the filters’ FSR with a precision below 2MHz, which is much
smaller than the linewidth. In 1999, Araya and colleagues259 independently
proposed a similar measurement scheme.

Cascaded filter transmission. If we tune both filter cavities into resonance with a
continuous-wave laser, we measure a fiber-to-fiber transmission of about 15%.
In a comparable setup with two low-finesse cavities (F = 32), we obtain a
transmission of about 50%. We can reduce the transmission losses further by
using anti-reflection coated fibers (∼4 % loss per surface in our setup) and by
optimizing the fiber incoupling efficiency (∼70 % in our setup). In principle,
a free-space connection between the filter cavities could be set up. But, the
advantage of a fiber coupling between the cavities is that we can align and use
the filters independently.

The transmission of each filter is given by the Airy function (see Eq. 1.1.85):
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where )1/2 ('1/2) is the transmission (reflectivity) of the two mirrors and )A>
is the single-pass transmission of the cavity substrate. The normalized Airy
function Airy(F ,l) is given by Eq. 1.3.11. For a signal with a bandwidth much
smaller than the filter linewidths, the transmission through the filter system
Asystem(l) is the product of the individual transmission functions:

Asystem(l) = Afilter,1(l)Afilter,2(l). (2.1.3)

Cascaded filter suppression. To evaluate the tuning behaviour of the combined
system and to verify Eq. 2.1.3, we measure the transmission of a continuous-
wave laser through the cascaded filter (see Fig. 2.10). Since we can attain a
maximum suppression of more than 106, we use a mechanical chopper and a
lock-in amplifier to increase the signal-to-noise ratio of the measurement. We
lock the laser frequency to a cesium hyperfine transition and tune the frequency
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Figure 2.9 | Cascaded filter cavities and long-range tuning. a, We connect two filter cavities with differing free spec-
tral ranges with a single-mode fiber. The combined filter system has an effective FSR of more than 1 nm
(500 GHz) and a transmission on resonance exceeding 15 %, including all fiber coupling losses. b, The res-
onance frequencies of the two filter cavities can be brought in coincidence only for a specific wavelength.
Due to the differing FSR, adjacent resonances do not overlap over a large range of frequencies. c, The
transmission of the combined filter system is the product of the two transmission profiles. Therefore, the
cascaded filter system has a similar linewidth as the high-finesse cavity. The spurious transmission at the
detuning∆a ≈ 110 GHz could be avoided by combining two high-finesse cavities, albeit thereby reducing
the transmission. d, To use the cascaded filter system as high-resolution spectrum analyzer, we need to
tune the two cavities in parallel such that the same pair of resonances always coincides. The maximum
temperature difference attainable with the Peltier element limits the tuning range of each filter. However,
we still can tune the combined system over a wide range of frequencies. For this, we scan each filter over
one free spectral range and then set back the temperature to its initial value. Here, we plot the temperature
profiles for a long-range scan for filter cavities FC1 ( ) and FC2 ( ). Figure replicated from Ref. [205].
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offset ∆a between laser frequency and transmission frequency of the filter
system over 500GHz by temperature tuning of the cavities.

Fig. 2.10b shows a good agreement between the measured transmission and the
theory. At a suppression of 60 dB, we reach the noise floor of the measurement
system. Additional measurements with a higher incident power reveal a good
agreement with the theory even for detuning with a suppression larger than
60dB. But, for those measurements, the transmission at ∆a = 0 saturates
the photodiode. The small peaks around ∆a = 0, which are not covered by
the theory (Eq. 2.1.3), can be attributed to non-Gaussian higher-order modes
caused by imperfect alignment or mode matching of the input beam with respect
to the cavities.

In the range of ∆a = −20 GHz to ∆a = 500 GHz as plotted in Fig. 2.10b, 73%
of the transmitted power lies between a frequency offset ∆a of −10GHz and
10GHz. At the first major peak between 480GHz and 500GHz, 13% of the
transmitted power is located. The minor peak between 100GHz and 120GHz
contributes only 5% of the transmitted signal.

Discussion and Conclusion. In conclusion, we have shown that the excellent long-
term stability of monolithic Fabry-Pérot cavities can be used to build polarization-
independent fiber-coupled frequency filters which also can be used as high-
resolution monochromators. Polarization-independent filters are of great inter-
est in many applications, in particular in quantum optics, whenever filtering of
high-quality photon pairs260 of polarization-entangled photons261 is crucial.

To further optimize the monolithic filter cavities, we can explore several routes
in the future. On the one hand, it might be beneficial to select smaller cavity
substrates. Instead of standard 1-inch lenses, we can evaluate the performance
of 1/2-inch or even smaller substrates. A much larger tuning speed and shorter
thermal settling times are the main advantages of smaller cavity substrates.
Larger tuning speed and shorter settling times will largely decrease the time
needed for calibration of the filter cavities. But, a smaller thermal mass might
also require amore elaborate thermal shielding against environmental influences
of the setup.

We use the (cascaded) filter cavities in multiple experiments with cavity-en-
hanced photon-pair sources, as will be discussed in the subsequent sections.
Here, the long-term stability and polarization-independent operation of the
filter cavities are the key performance parameters.
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Figure 2.10 | Filter cavity suppression. a,A diode laser is stabilized to a D1-line hyperfine transition of atomic cesium
at 894.3 nm and periodically blocked by a mechanical chopper. The transmission wavelength of the com-
bined system is tuned (see Fig. 2.9d) over 500 GHz (1.3 nm). The transmission trough the combined filter
system is measured with a photodiode and a lock-in amplifier. b,The measurement results ( ) are in
good agreement with theory ( ) as given by Eq. 2.1.3. At a suppression of 60 dB, the noise floor of the
measurement setup is reached. Figure replicated from Ref. [205].
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2.2 | Cavity-enhanced photon-pair source

This section presents the experimental realization of the triply-resonant cavity-
enhance photon-pair source. The source fulfills all requirements outlined in the
introduction to chapter 1: We designed a low-finesse OPO cavity to obtain a
bandwidth of about 100MHz, which is compatible to the linewidth of quantum
dots169,262 or quantum memories based on atomic vapors.163

In the design phase of the photon-pair source, the theory in section 1.3.4, (es-
pecially Eq. 1.3.30), had not been derived yet. Therefore, two design principles
introduced by Scholz and colleagues237 where not changed for the new cavity
design: On the one hand, we adopted the design decision to use a comparatively
long crystal (: = 20 mm). On the other hand, we did not optimize the focussing
parameter b of the cavity.

Long-crystal cavity. Since the direct dependence of the generation rate R on the
crystal length was not easily accessible, the design goal was to optimize the
single-pass generation rate. For small values of the focussing parameter b, the
single-pass photon-pair generation rate increases with the length of the crystal
(see Eq. 1.2.15). Therefore, the crystal length was thought to be required
to be be as long a possible (see Ref. [237]). Since there is significant pump
absorption at 477 nm, : = 20 mm is a compromise between pump enhancement
(see Fig. 1.15) and single-pass gain.

Weakly focussed pump beam. There are several reasons not to optimize the fo-
cussing parameter b: To achieve the maximum conversion efficiency, for a
20mm PPKTP crystal, the optimum pump beam waist is Ēopt = 24 µm (see
Fig. 1.9). The optimum pump beam waist requires to specify the mirror radius
of curvature with an accuracy of less than 1mm. Additionally, one needs to
match the spacing of the mirrors precisely to the mirror radius of curvature.

A very tight focus also results in a more laborious alignment procedure of the
cavity. The large beam width of the signal and idler fields at the second surface
of the compensation crystal (see Fig. 1.10a) requires a thick compensation
crystal to avoid vignetting and photon-pair loss. The larger cross section of the
fields at the crystals’ facets results in higher losses due to scattering at surface
imperfections.

In contrast to this, a focussing parameter in the range of b = 0.2, which
corresponds to a pump beam waist of 50µm, is easily accessible. For a spherical
cavity, this value results in a reduction of the pair-generation rate by a factor
of 3 compared to an optimized pump beam profile. Fig. 2.11 compares the
spherical cavity configuration with a hemispherical configuration. Fig. 2.11c
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Figure 2.11 | Comparison between a spherical and a hemispherical cavity. a, Spherical cavity with two convex mirrors.
The focus of the pump beam profile ( ) is placed at the center of the nonlinear crystal. b, Pump beam
profile ( ) for a hemispherical cavity where the nonlinear crystal is placed close to the focus of the pump
beam at the flat mirror. c, Comparison of the photon-pair generation rateR of a spherical cavity ( ) and
a hemispherical cavity ( ) as a function of the pump beam waist w0. At the optimum pump waist, the
generation rate of the spherical cavity is a factor of 2 larger than the generation rate of the hemispherical
cavity. But, for the design value of the focussing parameterb = 0.2 (w0 = 50 µm) there is no difference in
brightness between the spherical and the hemispherical cavity. Against this background, the hemispherical
cavity was chosen since it features a lager free spectral range and the cavity alignment is less involved.263

shows the pair-generation rate for the two configurations as a function of the
pump beam waist. For b = 0.2, the position of the focus with respect to the
center of the crystal is no longer relevant for the brightness.

Hemispherical cavity. For the new cavity design, we therefore chose the hemi-
spherical design. For a hemispherical cavity, the pump focus is no longer located
at the center of the crystal but at the surface of the flat mirror. The hemispherical
cavity has several advantages over a spherical cavity. Since the focus in not at
the center of the nonlinear crystal, no section without any crystal is required.
Therefore, the hemispherical cavity has a larger free spectral range. A larger
FSR enables us to an use a higher signal/idler finesse for a fixed cavity decay
rate. Additionally, narrow-band spectral filtering of single spectral modes is
more convenient for a larger FSR.

Another important reason to use a hemispherical cavity is that the alignment of
the cavity is much simpler.263 The flat mirror can be fixed and does not need
to be aligned. Furthermore, a hemispherical cavity allows for a tuning of the
cavity length by moving the convex mirror. For a spherical cavity, this would
always require a rearrangement of the mode-matching optics. Since the pump-
focus position is not affected by the spacing of the mirrors for a hemispherical
cavity, moving of the convex mirror does not require major adjustments to the
mode-matching lenses. In section 2.3.6, we present an experiment where the
mirror spacing of the cavity is adjusted to change the spectral features of the
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generated signal and idler photons.

2.2.1 | Experimental setup

Fig. 2.12 shows the complete setup to operate and stabilize the cavity-enhanced
photon pair source:

Master laser and pump. We lock a grating stabilized diode laser at _laser = 894 nm
to a hyperfine transition of the cesium �1-line by modulation-transfer spectro-
scopy.264 The pump light at _pump = 447 nm is generated by second harmonic
generation (SHG) inside a high-finesse ring cavity. We collect the pump light
into a polarization-maintaining signle-mode fiber. After the fiber collimator, the
pump beam mode is matched to the cavity mode with the help of a telescope.
The polarization of the pump beam is aligned with the y-axis of the PPKTP
crystal by use of a half-wave plate (HWP) for maximum conversion efficiency.

Cavity configuration and geometry. The hemispherical cavity consists of a concave
mirror (M1) with radius of curvature ' = 5 cm and a flat mirror (M2) on the
other side of the nonlinear crystal. Similar to down-conversion source presented
in ref. [265], the cavity is mounted into a monolithic U-shaped aluminum box
to enhance the mechanical stability. Fig. 2.13 shows the mechanical design of
the cavity and the mounting of the crystals.

Cavity housing. The down-conversion cavity is placed into a hermetically sealed
box. For mechanical stability, we choose a monolithic design for the main
frame. We mount the concave mirror into a kinematic mirror mount which
can be aligned with three fine-thread screws. The flat mirror is glued onto a
piezo-electric transducer which is fixed to the side of the main frame.

The two crystals can be aligned with custom-made 5-axis tip-tilt aligners. All
fine-thread screws are accessible from the outside such that the cavity and the
crystals can be aligned without opening the box and disturbing the crystals’
temperature stabilization. The sides with the crystal tip-tilt aligners can be
detached from the box. After reinsertion, the position and orientation of the
crystals does not need to be realigned. This modular design eases the alignment
of the whole cavity since the crystals can be aligned independently from each
other.

Temperature stabilization. As will be discussed in section 2.2.2, long-term opera-
tion of the photon-pair source requires a temperature stability of the crystals in
the mK range. To meet this requirement, the temperature of the cavity main
frame in actively stabilized with Peltier elements. These Peltier elements are



2.2 Cavity-enhanced photon-pair source | 129

cesium lock monitoring

SHG

laser

mode matching
lenses

polarizing
beam splitterpiezo spectral

filter

M1 M2

flip
mirror

PPKTPKTP

DM
BP

HWP
F1

F2

F3

microcontroller

half-wave
plate

photo
diode

Cs
HWP

LP

alignment
laser

single mode
fiber

Figure 2.12 | Experimental setup of the cavity-enhanced photon-pair source. The frequency of the master laser is
locked to a cesium resonance. After frequency doubling by second-harmonic generation, the pump beam
is collected into a single-mode fiber and mode matched to the down-conversion cavity. The length of the
cavity is stabilized to a resonance of the pump beam with a fast microcontroller acting on a piezo-electric
transducer attached to the flat mirror (M2). The generated signal and idler photons can either be split up
into two fibers (F1 and F2) or be collected simultaneously into a single fiber ( F3). A longpass (LP) filter
(transmission 98 % at 894 nm) blocks remaining pump photons. A narrow bandpass (BP) filter (1 nm band-
width, transmission> 95 %) suppresses broadband, non-phase-matched fluorescence photons generated
inside the crystals. We discuss more details and, e.g., the alignment beam ( ) in the main text.

placed beneath the monolithic main frame. The base plate which is attached to
the optical table acts a heat sink.

Additionally, to protect the cavity from turbulences and temperature variations
in the air optical windows (anti-reflection coated) and an air-tight cover (not
shown in Fig. 2.13a) are used. This cover also shields the cavity against acoustic
noise.

The two crystals are placed into brass mounts with a high thermal conductivity.
The temperature of the crystal can be individually tuned and stabilized via
Peltier elements which are attached to the tip-tilt aligners (see Fig. 2.13b).

Mirror coating and cavity finesse. Mirror M1 has a reflectivity '1p ≈ 50 % at the
pump wavelength and '1s/i = 99.7 % at the signal/idler wavelength. Mirror M2
has a reflectivity of '2p = 99.7 % and '1s/i ≈ 70 %.

At the pump wavelength, this corresponds to a finesse of Fp ≈ 5 when both
crystals are inserted into the cavity, and a finesse of about Fp = 8 when only
the down-conversion crystal is placed into the cavity. The pump finesse is not
limited by absorption inside the crystals but by an imperfect anti-reflection
coating with a residual reflectivity of about 3.5% at the pump wavelength. At
the signal/idler wavelength, we measure a cavity finesse of Fs/i = 16(3).
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Figure 2.13 | Mechanical design of the cavity. a, The cavity is mounted into a monolithic U-shaped aluminum main
frame. The concave mirror (M1) is placed into a custom-made kinematic mirror mount. The flat mirror
(M2) is glued onto a piezo-electric transducer which in turn is glued onto an aluminum plate. This plate is
attached to the main frame by four screws such that the mirror-piezo assembly can easily be replaced. The
temperature of the main frame is stabilized with two Peltier elements to (partly) compensate long-term
drifts of the cavity length. The base plate is screwed to the optical table. b, Custom-made tip-tilt aligner
for the crystals: The aligner base is pressed by two springs (not shown) against five fine-thread screws. The
crystal can be rotated about three axes and can be translated along both directions perpendicular to the
pump beam. The crystal is placed into a brass crystal mount which is temperature-stabilized by a Peltier
element. The aligner base acts as the heat sink. Special care in the design of the crystal mount has been
taken to avoid stress on the crystal to avoid accidental breaking. The two crystal mount assemblies are
screwed onto the sides of the monolithic main frame (see inset of a).
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Cavity length stabilization. Part of the pump light reflected by the cavity is directed
to a photodiode by a beam sampler (reflectivity ∼4 %). A fast microcontroller
utilizes this signal to provide feedback to the piezo-electric transducer which is
attached to the flat outcoupling mirror (M2) to lock the cavity to a resonance
of the pump beam. We discuss this locking scheme in detail in section 2.2.2.

Fiber coupling of photon pairs. The spatial mode of signal and idler photons is
matched to signle-mode fibers with a telescope. Signal and idler photons can
either be split at a polarizing beam splitter and directed to individual single-
mode fibers (F1 and F2 in Fig. 2.12). Alternatively, we can utilize a flip mirror
to collect signal and idler photons simultaneously into the same single-mode
fiber (F3).

Cavity alignment and tuning. To align the orientation of the cavity mirror with
respect to each other and to measure the resonance frequencies of the cavity,
the setup is operated in reverse: We feed part of the master laser as an alignment
laser over a flip mirror into the down-conversion cavity through mirror M2. We
detect the signal transmitted through the cavity and through the dichroic mirror
(DM) with a polarizing beam splitter and two photodiodes. Simultaneously, we
scan the voltage applied to the piezo-electric transducer attached to the flat
mirror.

This signal on the three photodiodes is used to monitor the alignment of the
cavity and to estimate the resonance frequencies of signal and idler fields. If we
detect unwanted higher-order Laguerre-Gaussian modes, we align the mirror
(M1) with the fine-thread screws. Additionally, we optimize the position of the
mode-matching lenses until all higher-order modes are eliminated.

The resonance frequency for the three fields can be tuned by changing the
crystals’ temperatures and orientations with respect to the optical axis. During
photon-pair generation in the experiments, we block the alignment beam.

Background fluorescence. A narrow bandpass (BP) filter (1 nm bandwidth, trans-
mission > 95 %) suppresses broadband, non-phase-matched fluorescence pho-
tons generated inside the crystals. Fig. 2.14 shows the more than 100nm wide
spectrum of this background fluorescence. Background fluorescence is generated
in both compensation and down-conversion crystals and the generated intensity
is independent of the pump polarization. Hedge and coworkers analyzed the
infrared fluorescence of KTP crystals.266 They observed comparable spectral
characteristics with a peak in fluorescence at about 850 nm. They attribute the
fluorescence to the presence of titanium Ti3+ complexes at the normal Ti4+ cites
in KTP crystals.
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Without spectral filtering, more than 50% of the photons detected with an
avalanche photodiode behind the cavity can be attributed to background fluo-
rescence. The bandpass filter reduces the ratio of detected background photons
to detected down-conversion photons to less than 5%. The 1 nm (385GHz at
894 nm) transmission band of the filter is larger than the bandwidth of the
photons generated by type-II cavity-enhanced SPDC with a 2 cm long crystal
(<250GHz). We tune the transmission wavelength to maximize the trans-
mission of the photon pairs by slightly rotating the bandpass filter. A larger
incidence angle shifts the transmission to larger wavelengths.

2.2.2 | Cavity-length stabilization via fast microcontrollers

The experimental setup to generated photon-pairs via cavity-enhanced SPDC
shown in Fig. 2.12 comprises various interrelated feedback loops. Fig. 2.15
depicts the feedback control systems employed in each subsystem of the experi-
ment. For many experiments with the photon-pair source, long-term stability
of the complete experimental setup is required. In earlier experiments,57,128,237
feedback-loops based on analog circuits were employed. Analog electronics of-
ten has favorable properties im terms of noise and control bandwidth, compared
to digital equivalents. But, inspired by the article of Huang and colleagues,267
a microcontroller-based digital locking scheme was developed for this thesis
to stabilize the cavity length of the down-conversion and the second-harmonic
generation cavity.

The main advantages of digital feedback loops are, on the one hand, that they
can easily be programmed to include re-locking logic. On the other hand, their
use simplifies the experimental setup. Neither additional optical elements, as for
a Hänsch-Coulliaud128,268 locking scheme, nor fast electro-optical modulators
used with the Pound-Drever-Hall135,269,270 technique or additional locking lasers
with optical choppers are needed.121,125,126,133 We also use a similar digital
locking scheme with re-locking logic to stabilize the SHG ring cavity.

Master laser. Themaster laser requires active stabilization of the temperature and
current through the laser diode for longterm operation. We utilize a digital feed-
back controller (Toptica DigiLock 110) based on a field-programmable gate array
(FPGA) to stabilize the laser frequency via modulation-transfer spectroscopy
by modulating the laser diode current. Since the digital locking electronics can
be monitored remotely with a computer, a convenient relocking scheme can
be employed to stabilize the master-laser frequency over days without manual
intervention.
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Figure 2.14 | Non-phase-matched background fluoresence. a, Only signal photons are selected with a linear polarizer
(LIN) and sent to a grating spectrometer. b, The signal photons are generated at about 900 nm at a crys-
tal temperature of 20 ◦C. The broadband background fluorescence stretches over a range of more than
100 nm and amounts to about 50 % of the generated photons. The inset shows the same data. Background
photons are generated in the compensation and the down-conversion crystals with nearly identical spectra.
This has been verified by removing one crystal from the cavity at a time.
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Figure 2.15 | Feedback control system required for photon-pair generation. Photon-pair generation requires the sta-
ble operation of a cascaded system of feedback control loops. First, the frequency of the master laser is
locked to a hyperfine transition of cesium using commercial digital locking electronics based on a field-
programmable gate array (FPGA). Subsequently, the cavities for second harmonic and photon-pair gen-
eration are locked with fast microcontrollers,267 implementing digital bottom-of-fringe locking schemes.
Besides these three fast controllers, temperature controllers are required for the laser diode, the nonlinear
crystal inside the SHG cavity (potassium niobate, KNbO3), and the crystals inside the down-conversion
cavity.
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Microcontroller cavity lock. Once themaster-laser frequency is locked to a hyperfine
transition of cesium, the second harmonic cavity can be locked to the master
laser. Subsequently, the down-conversion cavity is locked to a resonance of
the blue pump light (see Fig. 2.15). The locking of the two cavities is done
with the help of a fast microcontroller (STMicroelectronics STM32F3) with
on-chip 12-bit analog-to-digital (ADC) and digital-to-analog (DAC) converters.
As proposed by Huang et al.,267 the microcontroller measures the voltage on a
photodiode which monitors the beam that is reflected by the cavity. The DAC
applies feedback to a piezo-electric transducer attached to one of the cavity
mirrors. The same locking scheme is used to stabilize the cavity length of the
photon-pair source as depicted in Fig. 2.16.

The following algorithm for a bottom-of-fringe lock is used: We increment
the piezo voltage in steps until the intensity of the reflected beam reaches its
minimum and we find the cavity resonance. Whenever, after a step, we detect a
sign-flip in the change in intensity, we invert the direction of the voltage steps.
In contrast to the algorithm proposed by Huang and colleagues,267 the step
size depends on the magnitude of the change in intensity at the last step. This
decreases the settling time and improves the stability of the locking system. For
details, see the discussion in Ref. [271].

Digital noise. Compared to the purely analog control systems used in earlier
experiments,128 the microcontroller-based locking systems introduce higher
electronic noise levels into the system. This electronic noise acts directly on
the voltage applied to the piezo-electric transducer. The RMS noise of the
piezo voltages is increased by a factor of 1.5–2 compared to the analog locking
system. Further investigations reveal that the additional noise is caused by
insufficient isolation of the analog and digital parts of the circuit boards of
the microcontroller-based locking scheme. Huang and coworkers showed that
their digital locking scheme performs on par with a conventional analog locking
scheme in terms of electronic noise levels.

For the experiments discussed in this thesis, the additional noise has no detri-
mental effects: For the SHG cavity, the additional noise decreased the maximum
attainable power at 447 nm by no more than 5%. For the photon-pair source,
we do not observe any difference in performance between the digital and the
anlog locking schemes. In principle, a higher noise floor at the piezo voltage
results in a frequency modulation and, thus, a linewidth broadening of the
generated photon pairs. Due to the low finesse of the cavity and the broad
cavity linewidth at both the pump and the signal/idler wavelengths, this effect
is too small to be measurable. For a cavity with a higher finesse and smaller
signal/idler linewidths, the noise level would have to be reduced.
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Figure 2.16 | Microcontroller-based locking. Part of the pump light reflected by the cavity is split with a beam sampler
(BS, reflectivity 4 %) and directed to a photodiode (PD). The signal is amplified (AMP) to cover the full range
(0–3 V) of the analog-to-digital converter (ADC). In each step of the locking algorithm, the microcontroller
reads the current value of the ADC and computes the new value for the digital-to-analog converter (DAC).
The DAC voltage is amplified to cover the range of 0–150 V applied to the piezo-electric transducer.

Automatic re-locking. The main advantage of a digital locking scheme over an
analog one is that we can implement a sophisticated re-locking logic. For
example, the microcontroller can keep track of whether the down-conversion
cavity is locked to an appropriate resonance of the pump beam: When scanning
the piezo voltage, there are twice as many resonances at the pump frequency lp
than at the signal and idler frequency ls/i ≈ lp/2. The photon-pair source can
only produce signal and idler photons which are indistinguishable in frequency
in the central mode if we lock the cavity to a pump resonance for which the
signal/idler resonance frequencies are ls/i = lp/2 ± 2c< · FSRs/i, with < ∈ N.
Otherwise the signal/idler resonance frequencies would be at ls/i = lp/2 ±
2c[< + 1/2] · FSRs/i and, due to energy conservation, no frequency-degenerate
photons would be generated.

As shown in Fig. 2.17, the microcontroller can detect whether the system is in
a locked state. For this identification, the variance of the preceding step sizes
is evaluated. The algorithm always stores the last value of the piezo voltage
for which a locked state was detected. An external disturbance can cause the
cavity to be locked to a neighboring pump resonance with a different piezo
voltage. Once the microcontroller detects a locked state with a new value of the
piezo voltage, the microcontroller tries to re-lock the system in the vicinity of
the stored value of the piezo voltage. Similarly, the digital locking system can
detect whether one of the limits of the piezo tuning range is reached. In this
case, the microcontroller executes a shift of the piezo-voltage by two resonances
to maintain continuous operation.

Long-term stability. A similar re-locking logic is used for the SHG cavity, which
is much more susceptible to acoustic noise than the down-conversion cavity.
The analog locking scheme used in earlier experiments requires a manual re-
locking of the SHG cavity about once every two hours. When both cavities are
locked with a microcontroller, the photon-pair source can be operated over days
without manual intervention. Fig. 2.18 shows the signal/idler count rates as
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Figure 2.17 | Automatic re-locking of the down-conversion cavity. a, A sophisticated re-locking logic can be pro-
grammed into the microcontroller. Here, the response of the locking system to a manually generated dis-
turbance is shown. A screw driver is scratched vigorously over the optical table for∼1 s starting at t = 0.
This forces the system to lock the cavity to a neighboring resonance of the pump field. Since the piezo
voltage ( ) of the correct resonance (for time t < 0) is stored as a reference value in the microcontroller,
the incorrect piezo voltage is identified. Therefore, a re-locking to the correct pump resonance is initialized.
While the time constant for the identification of a stable locked state is deliberately chosen larger than 1 s
to avoid false positives, the relocking process takes less than 50 ms. b, Signal of the photodiode ( ) for
the same process. The external disturbance introduces strong fluctuations in the mirror position which can
no longer be compensated by the feedback loop. Note, that not only the down-conversion cavity but also
the master laser and the second-harmonic-generation cavity are affected by the disturbances.
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Figure 2.18 | Longterm stability of the photon-pair source. a, The photon-pair source is stabilized with the feedback
control system depicted in Fig. 2.15. The down-conversion cavity is tuned such than in the central mode
frequency-degenerate signal and idler photons are generated. After collection into a fiber, signal and idler
photons are spectrally filtered with a monolithic filter cavity (FC) which is tuned in resonance with the
central mode. Signal and idler photons are split with a polarizing beam splitter (PBS) and detected with
avalanche photodiodes (APD). b, The signal ( ) and idler ( ) count rates are stable over more than 50 h.
Over the measurement duration, both the SHG as well as the down-conversion cavity were automatically
re-locked several times. Due to the short re-locking time, the default period was very short. From detailed
detection and measurements of individual re-locking events, we infer a stable operation for more than
99.8 % of the whole measurement duration. c, The coincidence rate ( ) also shows excellent stability
over the whole measurement period. The spectral filtering verifies that the system was locked to the correct
pump resonance all the time. The fluctuations in the coincidence rate are mainly caused by fluctuations
in the pump power as well as slow drifts in the temperature of the nonlinear crystal. Fluctuations in the
resonance frequency of the filter cavity are negligible (see section 2.1).

well as the coincidence rate over a measurement period of more than 50h.

2.3 | Spectral properties of photons generated by cavity-enhanced
parametric down-conversion

In this section we discuss the measurements of the spectral properties of the
photons generated by cavity-enhanced SPDC. First, we provide a broad overview
of the spectral features of the photons generated inside a single-crystal cavity
recorded with a conventional grating spectrometer. We identify the spectral
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mode clusters and their relative position to the parametric gain profile. Subse-
quently, we verify this measurement by measuring the signal spectral density
with the cascaded filtering setup discussed in section 2.1.3. With this high-
resolution measurement scheme, we can fully resolve the mode structure within
the clusters.

For the down-conversion cavity with compensation crystal, we repeat this mea-
surement and find the complete comb of spectral modes. Additionally, we
verify that the central, degenerate mode coincides with the frequency of the
master laser which is locked to a cesium resonance by performing an absorption
spectroscopy with generated signal photons.

We then return to the single-crystal cavity and analyze the spectral tuning
behaviour upon temperature changes of the nonlinear crystal. We explain theo-
retically why, for a triply-resonant cavity, the relative position of the frequency
clusters with respect to the center of the parametric gain envelope does not
depend on the temperature. The temperature tuning is also measured with a
grating spectrometer and the cascaded filter-cavity setup. Finally, we evaluate
the impact of the mirror spacing on the signal spectral density for the single-
crystal cavity. Interestingly, we find a dependency of the relative Gouy phase
and the effective reflectivity @̄ on the mirror spacing.

2.3.1 | Single-crystal cavity – signal-photon spectrum

To study the spectral characteristics of the generated photons we use a conven-
tional grating spectrometer to gain a first overview of the spectral features. In
the following, we present the measurement of the signal spectral density for
the single-crystal photon-pair source. We discuss the measurement results and
compare them with the theoretical expectations detailed in chapter 1.

Theory. According to Eq. 1.3.34, the signal photon spectral density is propor-
tional to:��k(ls)

��2 ∝ Gain(ls, b, `,∆Φ)Airys(Fs,ls)Airyi(Fi,lp − ls), (2.3.1)

where the normalized Airy functions are defined by Eq. 1.3.11. Since the
focussing parameter is small (b ≈ 0.2, see section 1.2.1), for all experiments
discussed in the following, the parametric gain envelope does not depend on
the focussing parameter b and the focus position parameter ` and can be
approximated by:

Gain(ls, b, `,∆Φ) ≈ sinc2 (∆9:/2)%(ls,∆Φ). (2.3.2)



2.3 Spectral properties of photons generated by cavity-enhanced SPDC | 139

pump spectrometer
LIN

L

∆loffset
gain

a

b

Figure 2.19 | Single crystal cavity – spectrometer measurement. a, The spectrum of the signal photons generated in the
single-crystal cavity with a total length L = 38 mm is recorded with a conventional grating spectrometer. A
linear polarizer (LIN) blocks the idler photons. The spectrometer has a resolution of∆lspec = 2c·25 GHz.
b, Utilizing the alignment beam (see Fig. 2.12), the cavity is tuned to perfect triple resonance such that a
mode is located at ls/i = lp/2. The spectrometer measurement ( ) reveals two clusters separated
by about 75 GHz. The fit ( ) to Eq. 2.3.6 shows good agreement. The plots of the deconvoluted signal
spectral density

��k(ls)
��2 defined by Eq. 2.3.1 ( ), the parametric gain envelope given by Eq. 2.3.2 ( )

and the single-pass gain sinc
(
∆kl/2) ( ) serve as a guide to the eye. As indicated in the plot, the gain

envelope has an offset of∆loffset
gain = 2c · 27 GHz from perfect degeneracy.

If the cavity is locked to a pump resonance, the phase-balancing factor is the
modulus squared of Eq. 1.2.38:

%(ls,∆Φ) = 1 + @̄2 + 2@̄ cos(∆9: + ∆Φ)

= [1 + @̄]2
[
1 − 4@̄
[1 + @̄]2 sin2 (∆9:/2 + ∆Φ/2) ] ,

(2.3.3)

where the relative phase ∆Φ is defined by Eq. 1.2.40:

∆Φ = ∆X1 − 2∆qeff
Gouy. (2.3.4)

Measurement. Fig. 2.19 shows the signal spectral density measured with a con-
ventional grating spectrometer. The signal spectrum is dominated by a single
cluster accompanied by a second minor cluster which is separated by about
75GHz. Due to the low spectral resolution, we cannot analyze the mode struc-
ture within the clusters with this measurement.

We measure the instrument response function of the spectrometer with the
master laser (linewidth 100 kHz). The IRF is, to good approximation, a Gaussian
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distribution:

IRFspec(l) = exp

(
−4 ln(2) l2

∆l2
spec

)
(2.3.5)

with a FWHM of ∆lspec = 2c · 25 GHz. The measurement signal is the convo-
lution of the IRF with the signal spectral density:��k(ls)

��2
exp = 0 (IRFspec ∗

��k��2)(ls) + 2, (2.3.6)

where the amplitude 0 and the offset 2 are left as fit parameters.

Fit. The fit of Eq. 2.3.6 to the measured data points has, besides the overall
amplitude 0 and the offset 2, only the following free parameters: the relative
phase ∆q = 0.8(2), the parameter @̄ = 0.43(5) in Eq. 1.1.8 and an offset from
perfect degeneracy of ∆loffset

gain = 2c ·27(3)GHz of the sinc-function in Eq. 2.3.2.
This offset accounts for the temperature and orientation of the nonlinear crystal
and is indicated in Fig. 2.19.

We estimate all further parameters required to fully define Eq. 2.3.1 from
other measurements: The temperature-dependent KTP Sellmeier equations
where taken from Emanueli and Arie.272 The signal idler finesse Fs/i = 16(3)
(see table 1.1) is calculated from the mirror-reflectivity values supplied by the
manufacturer. The mirror distance and the length of the nonlinear crystal are
estimated with a caliper gauge. We adjust the temperature and orientation of
the nonlinear crystal with the alignment beam (see Fig. 2.12) such that there is
a degenerate spectral mode with ls = li = lp/2 at the center of the dominant
cluster. The alignment procedure is detailed by D’Auria and coworkers.216

Discussion. The fit shows excellent agreement with the measurement. Fig. 2.19b
highlights how the second cluster is suppressed by the pump-resonant cavity
configuration. For a cavity with a single-pass pump, the second cluster would
have the same amplitude as the dominant cluster. Nevertheless, the fit value of
@̄ = 0.43(5) does not coincide with the value obtained with Eq. 1.1.75. With the
values of the mirror reflectivities supplied by the mirror manufacturer and the
measured absorption coefficient of the nonlinear crystal, a value of @̄theo ≈ 0.9
would be expected. This discrepancy will be discussed in section 2.3.6.

Using the cascaded filtering system presented in section 2.1.3 as a high-resolu-
tion spectrum analyzer, in the next section, we can resolve the fine structure
within the clusters and the grating-spectrometer measurement, which has been
discussed above, can be verified.
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2.3.2 | Single-crystal cavity – high-resolution spectroscopy

The cascaded filtering system based on the monolithic cavities discussed in
section 2.1.3 has an effective free spectral range of well above 1 nm. Therefore,
this setup is suitable to measure the spectrum shown in Fig. 2.19 in much greater
detail. Compared to the grating spectrometer, the resolution is increased by
a factor of more than 200 and the mode structure within the clusters can be
resolved.

Measurement. The measurement setup is depicted in Fig. 2.20. The cavity
configuration (especially the total length of the cavity) is identical to the
grating-spectrometer measurement (Fig. 2.19a). Since only a small fraction
(∼120 GHz =∧ ∼0.3 nm) of the spectrum was recorded, a 1 nm bandpass filter
could be used to enhance the signal-to-noise ratio by suppressing background
fluorescences (see section 2.2.1). The signal photons were collected into a
single-mode fiber and directed to the cascaded filtering system. A linear polar-
izer blocked the idler photons and the signal photons were detected with an
avalanche photodiode.

Fit. In Figs. 2.20b, 2.20d and 2.20e, the measured signal spectral density is
shown. To fit the data points, we use a simplified model. Instead of a convolution
with the full system transmission function Asystem(l) (Eq. 2.1.3):��k(ls)

��2
exp = 2 + 0

[
Asystem ∗

��k��2] (ls), (2.3.7)

the product of two Lorentzian distributions with the linewidths of the two
cavities is used for the convolution:

��k(ls)
��2
exp = 2 + 0

∞∫
−∞

dl′
��k(ls − l′)

��2L(Γ1,l′)L(Γ2,l′), (2.3.8)

where the Lorentzian distribution is defined by:

L(Γ ,l) = Γ/(2c)
Γ 2/4 + l2 , (2.3.9)

and the linewidths of the two filter cavities are Γ1 = 2c · 192 MHz and
Γ2 = 2c · 885 MHz. The simplification was mainly performed to speed up the
computationally intensive fitting routine. Some of the small deviations between
measurement and theory in the range 2c ·80 GHz < ls−lp/2 < 2c ·100 GHz
in Fig. 2.20b can be attributed to this simplification.
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For the fit of Eq. 2.3.8 to the measured data, we use the offset 2 and the
amplitude 0 as fitting parameters. Furthermore, the mirror distance ! and a
small offset of the center of the signal Airy function in Eq. 2.3.1 from perfect
degeneracy are additional fitting parameters. The spectrometer measurement
shown in Fig. 2.19 is used to determine the values of @̄ and ∆Φ as well as the
width of the parametric gain profile ∆lgain.

Discussion. Qualitatively, there is a good agreement between the measurement
and Eq. 2.3.8. The overall position of the modes and the center of the clusters
were fit with good accuracy. The original fit shown in Ref. [138], could not
replicate the position of the modes in the second cluster. This is caused by
the assumption in the original manuscript that the free spectral range of the
signal and idler field is constant over the whole frequency range. The fit shown
here, however, takes the dispersion into account and utilizes the KTP Sellmeier
equations to calculate the resonance frequencies with higher accuracy.

Due to nonlinearities in the scanning of the filtering system, the exact position
of modes is shifted in some parts of the spectrum by up to 300MHz compared
to the theoretical curve. These deviations are caused by the measurement
procedure: The resonance frequency of the monolithic filter cavities is inferred
from the readings of the temperature sensor at each point in time. In the
second half of each temperature ramp (see Fig. 2.9), the deviations between
actual resonance frequency and inferred resonance frequency are especially
pronounced.

Another imperfection is that the two transmitting resonances of the filter cavities
do not always coincide perfectly. Especially for values ls < lp/2 in Fig. 2.20b,
this issue reduces the amplitude of the modes. The deviation between the
resonance frequencies of the two filter cavities can be attributed to an imperfect
calibration which is performed with the four cesium resonances at frequencies
ls ≥ lp/2.

Fig. 2.20 highlights the potential as well as the deficiencies of the cascaded
filtering system used as a spectrum analyzer. While most of the spectral features
can be replicated with high fidelity, absolute values for peak heights and peak
positions are not reliable. Therefore, the spectrum analyzer can be used to
verify a known model, as it is shown with the above-described measurement.
But, the filtering system is not suited to quantitatively analyze the spectrum of
an unknown source over a broad range of frequencies.
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Figure 2.20 | Single-crystal cavity high-resolution spectrum. a, Photons generated in the single-crystal cavity are col-
lected into a fiber and spectrally analyzed with the cascaded filtering system. The transmission frequency
of the combined filtering system is scanned over the two clusters (see Fig. 2.9). Either idler or signal photons
are blocked with a linear polarizer (LIN). The transmitted photons are counted with an avalanche photodi-
ode (APD). A 1-nm bandpass filter is used to suppress background fluorescence. b, Measured signal-photon
count rate ( ) as a function of the filter-system detuning. Qualitatively, there is a good agreement to the
model ( ) given by Eq. 2.3.8. For comparison, the spectrometer measurement ( ) from Fig. 2.19 is
shown. c, Zoom into the first three peaks of the data shown in b. The unconvoluted signal spectral density
in shown for reference ( ). d, Detail for the central cluster of the idler spectral density. e, Detail for the
second cluster of the signal spectral density. Figure replicated in part from Ref. [138].
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2.3.3 | Two-crystal configuration – high-resolution spectroscopy

For the two-crystal configuration, we perform the same measurement as dis-
cussed in Fig. 2.20.205 Fig. 2.21 shows the measurement results. As for the
single-crystal configuration, qualitatively, a good agreement between the model
(Eq. 2.3.8) and the measurement is found. Compared to the single-crystal
cavity measurement, we choose a lower tuning speed of the filtering system.
Therefore, the accuracy of the measurement is higher for positive detuning from
degeneracy ls ≥ lp/2. For negative detuning, the same imperfections in the
calibration of the filter cavities cause an underestimation of the peak heights.

Fit. The same model (Eq. 2.3.8) is used for the fit. Of course, the Airy functions
have to be modified to account for the compensation crystal, resulting in equal
free spectral ranges for the signal and idler fields. The same fitting parameters
are used as for the fit of the single-crystal data discussed in section 2.3.2. The
fit yields a total cavity length of 47.5(1)mm with two 20mm long crystals.
These values are in excellent agreement with the mechanical design of the
cavity (see Fig. 2.13). We estimate a finesse of Fs/i = 15(1) from the fit.
Within the measurement uncertainty, this value cannot be distinguished from
the signal/idler finesse measured for the single-crystal cavity. Since the losses
by the crystals’ anti-reflection coatings are much smaller than the photons
losses through the outcoupling mirror M2, the additional crystal surfaces do not
significantly contribute to the cavity finesse.

All in all, the fit is in good agreement with the measured values. In contrast to
the fit presented in the publication,205 the fit shown here covers a much broader
wavelength range. This is possible since, here, the wavelength-dependent
Sellmeier equations are used to define the Airy functions.

But, especially for negative detuning ls < lp/2 we observe significant devia-
tions between theoretical expectation and measurement. These deviations can
be attributed to an imperfect calibration of the filter cavities. The calibration
procedure was optimized for positive detuning. For negative detuning, the
filter-cavity resonance frequencies are interpolated with only four data points
given by the four hyperfine lines of the cesium D1 transition.

Discussion. In contrast to the single-crystal configuration, for the two-crystal
cavity the fit value @̄ = 0.9(2) coincided with the theoretical value of @̄theo = 0.89
calculated from the mirror reflectivity and the absorption of the crystals at the
pump wavelengths. This indicates that, compared to the measurement with the
single-crystal cavity, the pump beam is better superimposed with the signal and
idler fields. Therefore, there is only a negligible spatial walk-off between photons
generated in the forward direction and photons generated in the backward
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Figure 2.21 | Signal spectral density for the two-crystal configuration. a, The measurement setup shown here is identical
to Fig. 2.20a. b, The measured values ( ), are in good agreement with the theory ( ) for valuesas > ap/2.
For negative values, the filtering system was not properly calibrated resulting in an underestimation of the
peak heights. c, Detail for positive detuning. d, Further detail to evaluate the quality of the fit. The
deconvoluted spectrum (Eq. 2.3.1) is shown for reference ( ). Figures replicated in part from Ref. [138].
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direction. Compared to a single-pass down-conversion source, the width of
the parametric gain envelope is reduced by a factor of about 2.205 Scholz and
coworkers238 measured (with a grating spectrometer) the same width of 60 GHz
for their triply-resonant two-crystal cavity.

To the best of the author’s knowledge, the measurements presented in Figs. 2.20
and 2.21 were able to resolve the mode structure of the full spectrum of a cavity-
enhanced parametric down-conversion source for the first time. Pomarico et
al.132,173 as well as Monteiro and coworkers273 verified the cluster structure of
the spectrum, but could not resolve the modes within the clusters. Rieländer
and colleagues50,149 also resolved the mode structure within a cluster, but with
a much lower signal to noise ratio since only a single filter cavity was used. Luo
and coworkers136,141 verified with a scanning Fabry-Pérot interferometer that
their monolithic photon-pair source features only a single mode per cluster.

2.3.4 | Frequency locking of the photon-pair source

The cascaded filter system can also be used to perform an absorption spec-
troscopy with the generated signal photons. Fig. 2.22 depicts the measurement
principle. A cesium vapor cell is placed into the signal photon beam path. Then,
the measurement presented in Fig. 2.21 is repeated. The spectrum of the signal
photons transmitted by the cesium cell is recorded with the cascaded filter
system.

Results. The master laser (see Fig. 2.12) at frequency lp/2 is locked to the
� = 4 to � ′ = 3 transition of the cesium �1 line.251 Therefore, signal photons
generated into the central mode at the degenerate frequency of ls = lp/2
are strongly absorbed by the cesium vapor. Coincidentally, one mode is also in
resonance with the weaker � = 3 to � ′ = 3 transition. Photons generated into
this mode are also partially absorbed by the cesium vapor.

Discussion. As will be discussed in section 2.5, a Hong-Ou-Mandel33 type ex-
periment can verify that the signal and idler photons generated into the central
mode with ls = li = lp/2 are indistinguishable in frequency. Wolfgram and
coworkers143 used a similar photon-pair source based on (non-pump-resonant)
cavity-enhanced parametric down-conversion126 to generate atom-resonant
NOON-states.142 These NOON-states were used for entanglement-enhanced
sensing.144

The ability to generate heralded single photons at a specific wavelength with
a well-defined spectral bandwidth has been utilized in various experiments
published in the literature.65,146,155,274 Zhang and coworkers107 presented the
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Figure 2.22 | Frequency locking of the photon-pair source. a, To verify that the central mode is located at pump-laser
frequencylp, a cesium spectroscopy is performed with the generated signal photons. The measurement
setup and measurement procedure is identical to the one presented in Fig. 2.21. The only difference is the
cesium vapor cell (Cs) which is placed in front of the spectrum analyzer. b, Signal-photon count rate as
function of the detuning of the filter-cavity transmission frequency ( ). Doppler-broadened absorption
lines of the cesium D1-line measured with master laser in frequency-scanning mode ( ). Figure replicated
from Ref. [205].
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storage of entangled frequency-uncorrelated heralded single photons with a
bandwidth of 5MHz in a quantum memory based on ultracold atoms. Their
cavity-enhanced photon-pair source utilizes an additional (shorter) tuning
crystal to achieve the desired degeneracy of signal and idler resonances. A
birefringent tuning crystal can additionally be used to reduce the number of
modes per cluster to one.151

Rieländer and colleagues145 reported the storage of heralded single photons
with a bandwidth of 2MHz in a Pr3+ doped Y2SiO5 crystal with non-degenerated
cavity-enhanced SPDC. The experiment presented by Piro et al.275 also showed
an atom-resonant source of entangled photons. But, since their photon-pair
source is not cavity-enhanced, the coincidence rate is much lower than in the
case of the aforementioned cavity-enhanced sources.

2.3.5 | Temperature Tuning

A cavity-enhanced photon-pair source can be tuned by changing the crystals’
orientation and temperature,216 utilizing the electro-optic effect by applying a
voltage across the nonlinear crystal,276 or by applying strain to the crystal.152,217
Changing the temperature does not only change the refractive index of the
crystal, it also affects the crystal by thermal expansion. Applying a voltage also
induces the piezo-electric effect.188

Fig. 2.23 simulates the tuning behaviour of the signal-photon spectral density
upon a temperature change of the nonlinear crystal. For a cavity which is not
in resonance with the pump beam, the position of the centers of the clusters
relative to the center of the parametric gain envelope can arbitrarily be chosen
by temperature tuning of the nonlinear crystal. This is no longer possible for a
cavity which is in resonance with the pump field. For such a pump-resonant
cavity, the clusters are shifted at the same rate as the gain envelope. Temperature
tuning affects only the mode structure within a cluster.

In the following, we analyze the temperature tuning characteristics theoretically
and subsequently verify the findings by a spectrometer measurement. Addi-
tionally, we analyze the temperature dependence of the mode structure within
the clusters and compare it to a measurement performed with the cascaded
filtering system for different temperatures of the nonlinear crystal.

In this section, we cover only triply-resonant single-crystal cavities. The phe-
nomena discussed here are relevant both in the case of temperature tuning as
well as for rotations of the nonlinear crystals. The theory which describes the
influence of crystal rotations on the spectral properties of the generated photons
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Figure 2.23 | Temperature tuning – single-crystal cavity. Simulation of the signal spectral density
��k(ls)

��2 ( ) for
two different temperatures of the nonlinear crystal for a single-crystal cavity. The single-pass parametric
gain envelope ( ) and the triply-resonant gain envelope ( ) have the same tuning speed as the cluster
phaseqcluster. Here, cos2

(
qcluster(ls)/2

)
is plotted ( ) to illustrate Eq. 2.3.15. The center of the clusters

are located a frequencies where cos2
(
qcluster(ls)/2

)
= 1. While the location of the modes within a

cluster can be finely tuned by changing the crystal’s temperature, temperature changes do not affect the
relative height and the position of the clusters within the gain envelope. In the simulation, the parameter r̄
in Eq. 2.3.3 is set to r̄ = 0.09 to match the measured data. Fig. 2.24 shows a spectrometer measurement
which confirms this simulation.

is closely related to the theory discussed in this section. However, for the sake
of brevity, we do not discuss the effects of rotations of the crystal in detail.

Gain envelope. The phase mismatch ∆9 can be adjusted by changing the tem-
perature ) or the orientation of the nonlinear crystal with respect to the optical
axis.216 A change in ∆9 results in a shift of the center of the parametric gain en-
velope. The relative phase ∆Φ (Eq. 2.3.4) does not depend on the temperature
or orientation of the crystal (the change of ∆qeff

Gouy is negligible). Therefore, the
single-pass gain sinc2 (∆9:/2) and the phase-balancing factor %(ls) share the
same dependency on ∆9:: Upon change of the temperature or the orientation
of the nonlinear crystal, these two functions are shifted synchronously without
changing the shape of the gain envelope (see Eq. 2.3.2). In the following, we
will show that the position of the clusters relative to the center of the gain enve-
lope also does not depend on the temperature or orientation of the nonlinear
crystal.

Clusters as mode beating. As we will show in the following, for the signal spectral
density (Eq. 2.3.1), the product of Airy functions:

Airys(ls)Airyi(lp − ls) (2.3.10)

resembles a beat of two oscillations. For the signal and idler fields the cavity
resonances can be found at frequencies where the round-trip phase is a multiple
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of 2c:
qrt,s(ls) !

= 2c?, with ? ∈ N
qrt,i(lp − ls) !

= 2c?′, with ?′ ∈ N.
(2.3.11)

For a single-crystal cavity, the round-trip phase (Eq. 1.2.22) is:

qrt,<(l<) = 29<: + X1,< + X2,< − 2ΦGouy,< + 2l</2 [! − :], (2.3.12)

where 9< is the 9-vector inside the nonlinear crystal, X7 are the mirror phase
shifts, ΦGouy is the total Gouy phase shift and ! is the distance between the two
mirrors.

The analogy to a beat of two oscillations becomes apparent if Eq. 2.3.11 is
written as:

cos2 (qrt,s(ls)/2
) !
= 1

cos2
(
qrt,i(lp − ls)/2

)
!
= 1.

(2.3.13)

Instead of Eq. 2.3.10, we analyze the product:

cos2 (qrt,s(ls)/2
)

cos2
(
qrt,i(lp − ls)/2

)
. (2.3.14)

The centers of the clusters are at the anti nodes of the beat of these two cos2-
functions.

Cluster phase. The positions of the centers of the clusters are at frequencies for
which:

cos2 (qcluster(ls)/2
) !
= 1, (2.3.15)

where we define the cluster phase qcluster(ls) as:

qcluster = qrt,s(ls) + qrt,i(lp − ls). (2.3.16)

Eq. 2.3.15 is illustrated in Fig. 2.23.

If the cavity is locked to a pump resonance, the pump round-trip phase is also a
multiple of 2c: qrt,p = 2?′′c, with ?′′ ∈ N. Therefore, without changing the
condition stated in Eq. 2.3.15, the cluster phase can also be written as:

qcluster = qrt,p(lp) − qrt,s(ls) − qrt,i(lp − ls). (2.3.17)
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Temperature dependence. Thus, the centers of the clusters of a pump-resonant
single-crystal cavity can be found at frequencies for which:

cos2
(
∆9: + ∆X1/2 + ∆X2/2 − ∆ΦGouy

)
!
= 1. (2.3.18)

The temperature dependence of the relative Gouy phase ∆ΦGouy is negligible
compared to ∆9:. Additionally, the phase shifts X1 and X2 do not depend on the
crystal temperature. Therefore, from this equation, it is obvious that the center
of the clusters in shifted with the same rate as the parametric gain envelope
(Eq. 2.3.2) upon temperature tuning of the nonlinear crystal.

Gouy phase and cavity length. Note, that Eq. 2.3.18 does not directly depend on the
total distance ! of the two mirrors due to energy conservation ([lp−lA−li]! =
0). Therefore, the relative Gouy phase ∆ΦGouy is the only term in Eq. 2.3.18
which depends on !, as will be discussed in section 2.3.6. Thus, the only degree
of freedom which can be utilized to shift the centers of the clusters with respect
to the center of the phase-matching envelope is the distance of the mirrors.

Low-resolution measurement. In Fig. 2.24, the signal an idler spectrum measured
with a grating spectrometer is shown for different temperatures of the down-
conversion crystal. As expected, the cluster structure is not affected by tem-
perature tuning: With this measurement, we verify the simulation shown in
Fig. 2.23.

High-resolution spectrum with temperature tuning. Since we cannot resolve the mode
structure within the cluster with the grating spectrometer (Fig. 2.24), we repeat
the high-resolution measurement shown in figure Fig. 2.20 for different crystal
temperatures. The results are shown in Fig. 2.25.

In contrast to the previous measurement (Fig. 2.15), we operate the down-
conversion source close to perfect degeneracy. The simulation of Eq. 2.3.8
(Fig. 2.25b) shows that in order to keep the amplitude of the central mode
within 90% of its maximum value, the temperature of the nonlinear crystal
must be stabilized with an accuracy of better than 50mK. The measurement
presented in Fig. 2.18 confirms that this level of stability could be attained over
many hours.

2.3.6 | Cavity-length tuning

For the single-crystal cavity used in the experiments discussed in this thesis,
there is only one degree of freedom which allows to modify the cluster structure
(i.e. the relative height of the clusters) within the parametric gain envelope:
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Changing the distance of the two mirrors results in a modified relative round-trip
Gouy phase ∆ΦGouy and therefore a change in the relative phase ∆Φ in Eq. 2.3.2.
To study this effect, we vary the distance 3 between the concave mirror and the
nonlinear crystal. For each value of 3 we record the signal spectral density with
a grating spectrometer. The measurement results are presented in Fig. 2.26.

Gouy phase shift. For the cavity used in the experiments with a mirror radius
of curvature of 50mm, the confocal parameter is nearly identical for all three
fields (see Fig. 1.9c). Therefore, the relative Gouy phase ∆ΦGouy in Eq. 2.3.18
can be approximated by the signal round-trip Gouy phase ΦGouy,s:

∆ΦGouy = ΦGouy,p − ΦGouy,s − ΦGouy,i ≈ −ΦGouy,s. (2.3.19)

The same is true for the effective relative Gouy phase in Eq. 2.3.4:

∆qeff
Gouy ≈ −qeff

Gouy,s. (2.3.20)

In the experiment, the distance 3 between the concave mirror and the crystal
is varied between 0.5mm and 18.0mm (see Fig. 2.26a). Using Eqs. 1.2.25
and 1.2.41, the effective relative Gouy phase should vary almost linearly between
∆qeff

Gouy = 0.15 rad and ∆qeff
Gouy = 0.45 rad. Thus, a linear increase of the

relative phase ∆Φ in Eq. 2.3.4 of about 0.6 rad is expected.

Measurement. However, in the experiment, we observe a much stronger de-
pendence of the relative phase ∆Φ on the mirror distance 3 (see Figs. 2.26b
and 2.27c). This strong deviation from the theoretical expectation might be
caused, in part, by imperfect alignment of the cavity.

Whenever we vary the mirror distance, the cavity has to be realigned. Especially
for short cavities, the three fields are not properly collinearly aligned. Therefore,
photon pairs generated in the forward direction are not exactly superimposed
with the photon pairs generated in the backward direction. But, the theory
developed for a triply resonant cavity in section 1.1.4 does not account for
a misalignment of the three beams. Heuristically, one can assume that small
misalignments result in a reduced value of the parameter @̄ in Eq. 2.3.3. Further
studies are required to analyze to what extent a misalignment also affects the
relative phase ∆Φ and the positions of the clusters relative to the center of the
gain envelope.

Fit. We use a simplified model of Eq. 2.3.6 to fit the data. Since the mode
structure within the clusters cannot be resolved with the grating spectrometer,
the clusters (convoluted with the spectrometer’s IRF) are approximated by
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pump spectrometer
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b

Figure 2.24 | Temperature tuning of a single-crystal photon-pair source. a, The spectrum of signal and idler photons is
recorded with a grating spectrometer for different temperatures of the down-conversion crystal. To distin-
guish the signal and idler signals, the down-conversion source is operated far from degeneracy. b, Within
the down-conversion gain envelope, three clusters of the signal ( ) and idler ( ) spectrum can be iden-
tified. As simulated in Fig. 2.23, the relative height of the clusters within the parametric gain envelope is
independent of the temperature of the nonlinear crystal. With the spectrometer, the position of the modes
within the clusters cannot be resolved.

equally-spaced Gaussian peaks of width ∆lpeak. A fit function with amplitude
0 of the form:��k(ls)

��2 = 0 sinc2 (∆9(ls):/2 − q0
)

×
[
1 + @̄2 + 2@̄ cos

(
∆9(ls): − 2q0 − ∆Φ

) ]
×

∞∑
<=−∞

exp©«[ls − l0 − <∆lcluster]2
∆l2

peak

ª®¬
(2.3.21)

is used. Here, q0 accounts for small deviations of the center of the gain en-
velope from degeneracy caused by temperature fluctuations or small tilts of
the nonlinear crystals during each realignment procedure. The position of the
cluster relative to the center of the gain envelope is specified via the parameter
l0. The parameter @̄ is used as a fitting parameter. The width of the gain profile
given by ∆9: and the cluster spacing ∆lcluster are taken as constants over all
fits.

Discussion. In the fit, the relative phase ∆Φ and the position of the cluster
defined by l0 were chosen independently. From Eqs. 2.3.3 and 2.3.18 a strong
correlation would be expected between these two quantities since ∆ΦGouy and
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Figure 2.25 | Temperature tuning to achieve perfect indistinguishability. a, High-resolution spectroscopy of the mode
structure within a cluster as a function of the crystal temperature. The same experimental setup, utilizing
the monolithic filter cavities as in Fig. 2.20, is used. b, Simulated tuning behaviour of the signal spectral
density given by Eq. 2.3.8 as a function of the crystal temperature. We use the temperature-dependent KTP
Sellmeier equations published by Emanueli and Arie272 to predict the temperature-tuning rates. c, Mea-
surement results: We scan the filter cavities over the central part of the signal spectrum for 8 different
temperatures of the nonlinear crystal. The data is in good agreement with the simulation shown above. In
order to stabilize the amplitude of the degenerate mode within 90 % of its maximum value, the nonlinear
crystal must be temperature-stabilized with an accuracy better than 50 mK.
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Figure 2.26 | Spectral changes upon cavity-length tuning. a, The spectrum of the signal photons is measured with a
grating spectrometer (resolution∼50 GHz) for different values of the distance d between concave mirror
a nonlinear crystal. The idler photons are blocked with a linear polarizer (LIN). b, The measurement ( ) is
in good agreement with the simplified model ( ) given by Eq. 2.3.21. As a guide to the eye, the plot also
shows the single-pass gain envelope ( ) and the triply-resonant gain envelope ( ).
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Figure 2.27 | Cavity-length tuning. a, Exaggerated depiction of a misaligned cavity where the three fields are superim-
posed only partially. Here, photon pairs generated in the forward direction interfere only partially with
photon pairs generated in the backward direction. Imperfect alignment results in a reduced value of the
parameter r̄ . b, The photon-pair generation rate R ( ) of a triply-resonant cavity is proportional to
[1 + r̄]2. A well-aligned cavity with r̄ ≈ 0.9 is brighter by a factor of more than 3 compared to an im-
properly aligned cavity. c, Fit values ( ) of the relative phase∆Φ in Eq. 2.3.21. Selected measurements
are presented in Fig. 2.26. A strong deviation from the expected trend given by Eq. 2.3.4 ( ) is observed.
d, These deviations might, in part, be attributed to an imperfect alignment of the three fields inside the
cavity. The fit shows relatively small values for the parameter r̄ , especially for small distances d between
the concave mirror and the nonlinear crystal.
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∆qeff
Gouy share the same dependence on the mirror distance 3. Due to the

alignment problems, we do not observe these correlations.

The photon-pair generation rate R also depends on the alignment of the three
fields. Eqs. 1.3.43 and 2.3.3 show that the pair-generation rate scales as R ∝
[1 + @̄]2 (see Fig. 2.27b).

2.4 | Signal-idler correlation function

The joint spectral amplitude of the two-photon state expresses the strong spectral
correlation of signal and idler photons generated by SPDC. But, the two photons
of a pair are also correlated in time. This temporal correlation is experimentally
accessible by measuring the second-order signal-idler correlation function.

Theoretically, this correlation function is (via the phase-matching function)
closely linked to the joint spectral amplitude. We show that for monochromatic
pumping the second-order signal-idler correlation function is modulus squared of
the Fourier transform of the phase-matching function introduced in Eq. 1.1.29.

In section 2.4.1, we derive a phase-matching function for photons generated
by cavity-enhanced SPDC. With this expression we can discuss and explain the
comb-like structure of the signal-idler correlation function and compare our
results to theoretical expressions found in the literature.

In section 2.4.2, we discuss the measurement principle, especially how spectral
filtering and the timing resolution of the measurement setup affect the measured
correlation function. Using these results, we compare the measured correlation
function for a cavity-enhanced photon-pair source with compensation crystal
with the theoretical predictions (section 2.4.3).

To the best of the author’s knowledge, the effect of the pump resonance on the
correlation function has not been studied in the literature. In section 2.4.4, we
therefore theoretically evaluate the impact of the relative phase ∆Φ and the
effective reflectivity @̄ on the correlation function. Unfortunately, the timing jitter
of state-of-the-art single-photon detectors is to large to resolve this impact.

The structure of the signal-idler correlation function for a single-crystal cavity-
enhanced photon-pair source is more complicated as in the case of a cavity with
compensation crystal. Sections 2.4.5 and 2.4.6 discuss the temporal structure
of the two-photon wave packet and compare a measurement with theoretical
predictions. As in the case of the cavity with compensation crystal, we find
excellent agreement between measurement and theory.
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Cavity-enhanced photon-pair sources usually are spectrally multi-mode. But,
many experiments require a single-mode operation. By narrow-band spectral
filtering, we can eliminate unwanted spectral modes to achieve single-mode
operation. In section 2.4.7, we evaluate the impact of (moderate) narrow-band
filtering on the signal-idler correlation function both theoretically as well as
experimentally. We find that a single low-finesse cavity is not sufficient to
operate our single-crystal photon-pair source in the single-mode regime. Finally,
we show that a cascaded filtering system is most efficient to reach this regime
even with low-finesse cavities.

Second-order signal-idler correlation function. The second-order signal-idler corre-
lation function �

(2)
s/i (g) for a two-photon state

��k〉
is given by the following

expectation value:119,206

�
(2)
s/i (g) =

〈
k

����̂(−)i (H, B)�̂
(−)
s (H, B + g)�̂(+)s (H, B + g)�̂(+)i (H, B)

���k〉
, (2.4.1)

where the electric field operators are defined by Eq. 1.1.13:

�̂
(+)
s/i (H, B) ∝

∞∫
−∞

dl 0̂s/i(l)4−7[lB−9H]. (2.4.2)

In contrast to Eq. 1.1.13, we extend the lower limit of the integral in Eq. 2.4.2 to
−∞. This approximation is valid since the bandwidth of the generated photons
is much smaller than the central frequency.206

In the remainder of this section, the vacuum contribution (see Eq. 1.1.28) of
the two-photon state is discarded, as it does not contribute to the correlation
function. Therefore, the two-photon state is:��k〉

=

∞∫
−∞

dls

∞∫
−∞

dli k(ls,li)0̂†s (ls)0̂†i (li) |0, 0〉 . (2.4.3)

Signal-idler correlation function for a monochromatic pump. In principle, we can com-
pute the signal-idler correlation function for any state

��k〉
numerically by plug-

ging Eqs. 2.4.2 and 2.4.3 into Eq. 2.4.1. But, for a monochromatic pump, the
integrals in Eq. 2.4.1 can be simplified significantly, as we will show in the
following.

For a monochromatic pump, we can write the joint spectral amplitude in
Eq. 2.4.3 in terms of the phase-matching function 5 (ls,li) and a delta distri-
bution (see Eq. 1.1.29):

k(ls,li) = A(ls + li) 5 (ls,li) = X(lp − ls − li) 5 (ls,li). (2.4.4)
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As pointed out by Herzog and colleagues,206 Eq. 2.4.1 can be simplified to:

�
(2)
s/i (g) =

�̂(+)s (H, B + g)�̂(+)i (H, B)
��k〉2

. (2.4.5)

With Eqs. 2.4.2 to 2.4.4, we obtain:

�
(2)
s/i (g) ∝


∞∫

−∞
dls

∞∫
−∞

dli

∞∫
−∞

dl′s

∞∫
−∞

dl′i

× exp
(
−7

[
ls [B + g] + liB −

[
l′s/2 + l′i/2

]
H
] )

× X(lp − l′s − l′i ) 5 (l′s,l′i )

× 0̂s(ls)0̂i(li)0̂†s (l′s)0̂†i (l′i ) |0, 0〉
2

.

(2.4.6)

Now, the commutator relations for the creation and annihilation operators can
be utilize to simplify Eq. 2.4.5:[

0̂s/i(ls/i), 0̂†s/i(l′s/i)
]
= X(ls/i − l′s/i), (2.4.7)

from which follows:206

0̂(ls/i)0̂†s/i(l′s/i) |0〉 = X(ls/i − l′s/i) |0〉 . (2.4.8)

Using these relations, we find a simple expression for the second-order signal-
idler correlation function:

�
(2)
s/i (g) =


∞∫

−∞
dls 5 (ls,lp − ls)4−7lsg

2

. (2.4.9)

In the case of monochromatic pumping, the signal-idler correlation function is
the modulus squared of the Fourier transform of the phase-matching function.
For pulsed pumping, the integrals appearing in Eq. 2.4.6 cannot be straightfor-
wardly simplified and need to be evaluated numerically, in general.

Discussion. Eq. 2.4.9 is the central theoretical expression of this section. Al-
though it is a concise and very useful expression, it is not widely used in the
literature. An exception is the article by Lu, Campbell and Ou,119 in which they
derived the corresponding relation for non-resonant type-I SPDC. Kuklewicz122
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also uses Eq. 2.4.9, but does not provide any derivation or a detailed discussion
thereof.

In contrast to other expressions121,162,206,277 reported for �(2)s/i (g), Eq. 2.4.9 can
easily be used to simulate the signal/idler correlation function for cavities with
unequal free spectral ranges of the signal and idler fields (see section 2.4.6).
In principle, the expression found by Scholz and colleagues161 is also valid
for unequal free spectral ranges. But, as discussed in the following section,
their expression is computationally expensive and converges only slowly. In
contrast to this, Eq. 2.4.9 can be efficiently computed, e.g., by fast Fourier
transformation.278,279

Another advantage over expressions previously used in the literature is that
Eq. 2.4.9 can also be used to analyze the signal-idler correlation function for
double-pass pumping or pump-resonant configurations. As it turns out, the
impact of double-pass pumping on the correlation function can typically not be
resolved in an experiment (see section 2.4.4).

2.4.1 | Signal-idler correlation function of a cavity-enhanced photon-pair source

To compare Eq. 2.4.9 with the experimental results discussed in this section, we
need to provide an expression for the phase-matching function 5 (ls,lp − ls).
According to Eq. 1.1.72, the joint spectral amplitude for a triply-resonant cavity
pumped by a monochromatic pump is proportional to:

k(ls,lp − ls) ∝ ksp(ls,lp − ls)>(ls)Tp(lp)Ts(ls)Ti(lp − ls). (2.4.10)

where the phase-balancing factor (Eq. 1.2.38) is given by:

>(ls) = 1 + @̄47[∆9(ls):+∆Φ]. (2.4.11)

The single-pass joint spectral amplitude for a monochromatic pump can be
approximated by (see Eq. 1.1.30):

ksp(ls,lp − ls) ∝ sinc
(
∆9(ls):/2

)
47∆9(ls):/2X(lp − ls − li). (2.4.12)

This approximation is valid for all experiments discussed in this section, since
the focussing parameter is small (b ≈ 0.2, see section 1.2.1). Using Eq. 2.4.4,
the phase-matching function for a pump-resonant cavity-enhanced photon-pair
source with Tp(lp) = 1 is:

5 (ls,lp − ls) = sinc
(
∆9(ls):/2

)
47∆9(ls):/2>(ls)Ts(ls)Ti(lp − ls). (2.4.13)
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Closed-form solution. For a cavity with a single-pass pump, (i.e. @̄ = 0), a
closed-form solution of Eq. 2.4.9 has been found161,206 and experimentally
verified:53,133,143

�
(2)
s/i, sp(g) ∝

����������
∞∑

;s,;i=−∞

1
Γ̃s + Γ̃i


4
−Γ̃s

[
g− g0

2

]
sinc

(
7
g0

2
Γ̃s

)
, g ≥ g0

2

4
Γ̃i

[
g− g0

2

]
sinc

(
7
g0

2
Γ̃i

)
, g <

g0

2

����������
2

, (2.4.14)

with
Γ̃s/i =

Γs/i

2
+ 7;s/i 2cFSRs/i. (2.4.15)

The constant g0 in Eq. 2.4.14 is given by

g0 =
:∆<

2
, (2.4.16)

where

∆< = <s + ls
∂<s
∂l

����
l=ls

− <i − li
∂<i
∂l

����
l=li

. (2.4.17)

The constant g0 represents the propagation delay between signal and idler
photons inside the nonlinear crystal. For a 2 cm long PPKTP crystal pumped at
447 nm, g0 is on the order of 6.6 ps.

Two-crystal cavity. For a cavity with a compensation crystal and equal free spectral
ranges FSRs = FSRi, the limit ;s/i → ±∞ can be evaluated, and the sum in
Eq. 2.4.14 converges to:206

�
(2)
s/i, sp(g) ∝



∞∑
;s=1
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−Γs
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;s
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2

]
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2

]
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2

∞∑
;i=0

4
−Γi

[
;i
FSRi
− g0

2

]
rect

([
g +

;i

FSRi
− g0

2

]
1
g0

)
, g <

g0

2
(2.4.18)

where the rectangular function is defined by:

rect(g) = 1, for |g| ≤ 1/2 and 0 elsewhere. (2.4.19)

The signal-idler correlation function for a two-crystal cavity therefore is a series
of rectangular peaks separated by the cavity round-trip time ∆Brt = 1/FSR of
the generated photons. The amplitude of the peaks decreases exponentially for
|g| > 0. The decay constant is the cavity decay rate Γs/i.
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Structure of the signal-idler correlation function. The comb-like temporal structure of
the second-order correlation function is depicted in Fig. 2.28 and can than be
understood as follows: Detection of either photon from a pair projects the other
photon from the pair to a wave packet bouncing back and forth inside the cavity.
The second photon can then only be detected with a delay of integer multiples
of the cavity’s round-trip time Brt. The probability to detect the second photon
after a certain delay g scales exponentially with the cavity decay rate.

Gibbs-Wilbraham phenomenon. Fig. 2.29 compares the central peak of Fig. 2.28
simulated with Eq. 2.4.14 and Eq. 2.4.18. Here, Eq. 2.4.14 is simulated with
a large number of terms in the sums. Nevertheless, strong oscillations at the
plateau of the correlation function can be observed. These oscillations are
closely related to the Gibbs-Wilbraham phenomenon280 which can be observed
for truncated Fourier series. As discussed earlier, the signal-idler correlation
function is related to the Fourier transformation of the phase-matching function.
Therefore, it is not surprising to observe oscillations for the truncated sums
simulated in Fig. 2.29.

2.4.2 | Measurement of the signal-idler correlation function

The signal-idler correlation function �(2)s/i (g) can be probed with time-correlated
single-photon counting (TCSPC). Signal and idler photons are split up on a
polarizing beam splitter and detected by single-photon counters (see Fig. 2.30a).
The TCSPC electronics measures time stamps for the arrival times of photons at
each detector. The histogram of the temporal delays between the signal time
stamps and the idler time stamps is proportional to the second order signal-idler
correlation function.

For low count rates and a small fraction of multi-pair events, a start-stop his-
togram is sufficient. In this case, a click on the signal detector is the start event
and a click on the idler detector is the stop event. Only the delays between start
and stop events are recorded in the histogram. Of course, the delay can also
have a negative sign if the idler photon is detected before the signal photon. For
all measurements discussed in this thesis, start-stop histograms where sufficient
to measure the correlation functions.

Spectral filtering. Experiments analyzing photon-pair sources based on spon-
taneous parametric down-conversion typically deploy some form of spectral
filtering of signal and idler photons. This spectral filtering might be necessary
e.g. to obtain heralded photons in a pure quantum state (see section 1.4) or
to suppress spurious background fluorescence (see section 2.2.1). If no direct
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Figure 2.28 | Signal-idler correlation function for a two-crystal cavity with single-pass pump. For a cavity with equal sig-
nal/idler free spectral ranges, the second-order signal-idler correlation function is a series of square peaks
with a spacing corresponding to the cavity round-trip time∆trt of the photons (Eq. 2.4.18). The signal/idler
cavity decay rates can differ, e.g., if the reflectivity of the mirror coating is polarization-dependent. This
results in an asymmetric shape of the two exponential decays.

Figure 2.29 | Analytic solutions for the signal-idler correlation function. The central peak for the second-order signal-
idler correlation function for a two-crystal cavity (with single-pass pump) according to Eq. 2.4.14 is plotted
( ). Here, the sums over ms and mi were taken from −50 to 50. The oscillations observed here are
closely related to the Gibbs-Wilbraham phenomenon280 encountered for truncated Fourier series. The
oscillations are less pronounced if the upper limits of the sums are increased. If the limits are extended to
infinity, Eq. 2.4.14 converges to the simplified model given by Eq. 2.4.18 ( ).
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spectral filtering is present, the single-photon detectors also act as a spectral
bandpass filter due to their finite spectral acceptance bandwidth. Spectral filter-
ing modifies the joint-spectral amplitude of the pair-photon state and therefore
the measured correlation function as follows:

The joint spectral amplitude after spectral filtering is:69,281

kfiltered(ls,li) = k(ls,li)
√
Fs(ls)

√
Fi(li), (2.4.20)

where Fs/i(ls/i) is the spectral intensity transmission function of the filter at the
signal/idler frequency ls/i. For a monochromatic pump, the phase-matching
function after filtering therefore is:

5filtered(ls,lp − ls) = 5 (ls,lp − ls)
√
Fs(ls)

√
Fi(lp − ls), (2.4.21)

with 5 (ls,lp − ls) given by Eq. 2.4.13.

As discussed earlier, the second-order correlation function and the phase-
matching function are related to each other by Fourier transformation (see
Eq. 2.4.9). Therefore, spectral bandpass filtering corresponds to temporal broad-
ening of the correlation function. In Fig. 2.30, this broadening is simulated for
single-pass pump SPDC.

Correlation measurements and the instrument response function. Due to the large band-
width of the phase-matching function (typically ranging from ∼100 GHz to
multiple THz, see Fig. 2.30c), the signal-idler correlation function exhibits very
narrow features in the time domain on the order of picoseconds or shorter (see
Fig. 2.30b). These features can often not be resolved in experiments. The timing
resolution of the measurements is limited by the width of the instrument re-
sponse function of the TCSPC setup. Even with state-of-the-art superconducting
single-photon detectors, the width of the IRF is on the order of ∼100 ps.

The measured start-stop time-delay histograms are proportional to the second-
order signal-idler correlation function convoluted with the IRF of the TCSPC
setup. In all experiments discussed below, the following convolution has been
used as fit function:

�
(2)
s/i,exp(g) = 2 + 0

[
IRF ∗ �(2)s/i

]
(g). (2.4.22)

Here, the constant 2 accounts for accidental coincidences caused by uncorrelated
background photons or detector dark counts. The amplitude 0 is proportional to
the measurement duration and inversely proportional to the width of the time
bins of the histogram. In Eq. 2.4.22, we use Eq. 2.4.9 for �(2)s/i (g) and Eq. 2.4.21
for the phase-matching function.
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Figure 2.30 | Correlation function with spectral filtering. a, Measurement setup for a signal-idler correlation measure-
ment: Signal and idler photons are split up at a polarizing beam splitter, collected into fibers and directed
to single-photon detectors (SPD). The correlation function can be probed by recording a start-stop time-
delay histogram by time-correlated single-photon counting (TCSPC). If the signal and idler photons are
spectrally filtered with a bandpass (BP) filter, a temporal broadening of the correlation function can be
observed. b, The correlation function is simulated for signal and idler photons generated in a 2 cm long PP-
KTP crystal without a cavity as shown in a. We simulate G

(2)
s/i (g) utilizing Eq. 2.4.9 for a Gaussian bandpass

filter with a bandwidth of 10 nm ( ) and 1 nm ( ). The corresponding modulus squared of the filtered
phase-matching functions (Eq. 2.4.21) is shown in c. For a 2 cm long PPKTP crystal, the signal and idler
photons have a spectral bandwidth of about 150 GHz. The corresponding correlation time (see Eq. 2.4.16)
is g0 = 6.6 ps.
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To good approximation, the instrument response function can be expressed as
a Gaussian distribution with a FWHM of ∆gIRF:

IRF(g) = exp

(
−4 ln(2) g2

∆g2
IRF

)
. (2.4.23)

For the experiments discussed in the following, the width of the IRF is mainly
determined by the timing resolution of the single-photon detectors. The timing
resolution of the TCSPC electronics (PicoHarp 300) is much smaller (∼12 ps)
than the timing jitter of the single-photon detectors and therefore does not
contribute significantly to the width of the IRF.

2.4.3 | Signal-idler correlation function for two-crystal cavities

The signal-idler correlation function for a cavity-enhanced photon-pair source
has been measured in various experiments.53,121,126,128,277 Generally, a good
agreement between theory and experiments is found. In contrast to earlier
experiments, in this section themeasured signal/idler spectral density (Fig. 2.21)
can be used to verify the tight connection between spectral and temporal
properties of the photons as expressed by Eq. 2.4.9.

In Fig. 2.31 we present the measurement of the second-order signal-idler corre-
lation function for a two-crystal cavity. Due to the compensation crystal, the
signal and idler free spectral ranges are nearly identical. Therefore, signal and
idler photons also feature nearly identical cavity round-trip times.

Fit. For the fit of Eq. 2.4.22 to the measured correlation function, most of
the parameters where taken from the fit to the two-crystal cavity spectrum
(see Fig. 2.21). The values for the cavity length of 47.5(5)mm and the cavity
finesse of Fs/i = 15(1) taken from the fit to the spectrum are in excellent
agreement with the measured signal/idler correlation function. The measured
cavity round-trip time of 540(10) ps corresponds to a signal/idler free spectral
range of FSRs/i = 1.840(30)GHz. The measurement therefore verifies the cavity
decay rate of Γs/i = 2c · FSRs/i/Fs/i = 2c · 122(2)MHz (see table 1.1).

Discussion. All in all, the measurement is in good agreement with the model
given by Eq. 2.4.22. Note, that the only free parameters of the fit are the overall
amplitude 0, the constant offset 2, and the width of the IRF ∆lIRF. These three
parameters are not determined by the properties of the photon-pair source,
but are mainly given by the measurement duration and the properties of the
measurement equipment. All other parameters, namely the length of the crystals
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Figure 2.31 | Signal-idler correlation function – two-crystal cavity. a, The second-order signal-idler correlation function
for the two-crystal cavity is measured with two APDs by time-correlated single-photon counting (TCSPC,
PicoHarp 300). The signal and idler photons are split by a polarizing beam splitter and are collected into
fibers which direct the photons to the single-photon detectors. A 1 nm bandpass (BP) filter suppresses
unwanted background fluorescence. b, With a pump power of 200 µW the signal-idler coincidences are
integrated over 1100 s ( ) with a bin width of ∼60 ps. As expected, the correlation function exhibits two
exponential decays with nearly identical time constants. The combined jitter of the APDs results in a tem-
poral width of the IRF ( ) of ∆gIRF = 560 ps which is nearly identical to the signal/idler round-trip
time∆trt,s/i = 1/FSRs/i. Therefore, the peak structure caused by the cavity round trips can only just be
resolved. The fit ( ) of the convoluted model (Eq. 2.4.22) is in good agreement with the measurement.
For comparison, the non-convoluted model (Eq. 2.4.9) is shown ( ).
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:, the total length of the cavity !, the finesse of the cavity Fs/i, and the parameter
@̄ were taken from the measurement of the spectral density (section 2.3.3).

In principle, the length of both the crystals and the cavity can be measured with
higher precision using the spectral measurement as the spacing of the spectral
modes can be resolved with high resolution. In contrast, the uncertainty of
the measured cavity decay rate and, thus, the uncertainty of the measured
finesse is lower for the measurement of the correlation function. For the spectral
measurement, the accuracy of the cavity decay rate is limited by the spectral
resolution of the monochromator. Based on a correlation measurement, the
cavity decay rate can be inferred with high precision from the exponential
decline of the peak heights.

Although Eq. 2.4.22 has been used as the fit function, the measured correlation
function closely resembles Eq. 2.4.18, simulated in Fig. 2.28. Eq. 2.4.18 is a
good approximation, although it was derived for a single-pass pumping scheme
and, in principle, is not valid for double-pass pumping or pump-resonant photon-
pair sources. But, the difference between a convoluted version of Eq. 2.4.18 and
the complete model Eq. 2.4.22 cannot be resolved with this measurement.

For a pump-resonant cavity, photon pairs can be generated in both directions.
The impact of the pump resonance on the signal-idler correlation function is
discussed in the subsequent section.

2.4.4 | Double-pass pumping and triple resonance

The measurement discussed in Fig. 2.31 cannot distinguish between a single-
pass and a pump-resonant photon pair source. In this section, we show that
between these two different types of sources the second-order signal-idler
correlation function differs with respect to the fine structure of the narrow
peaks. The global structure is not affected by the pumping scheme but depends
only on the properties of the cavity at the signal and idler wavelength.

Non-resonant double-pass parametric down-conversion. Before we discuss triply-reso-
nant cavities, we first analyze non-resonant double-pass parametric down-
conversion to highlight the effect of double-pass pumping on the shape of
the correlation function.

The signal-idler correlation function for (non-resonant) double-pass pumping is
shown in Fig. 2.32 for various parameter combinations. To derive an expression
for the phase-matching function for double-pass parametric interaction, the
effective reflectivity @̄ = @2p@1s@1i and the relative phase ∆Φ of the three fields
have to be taken into account (section 1.1.3).
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Figure 2.32 | Signal-idler correlation function for double-pass pumping. a, Signal-idler correlation measurement with a
(non-resonant) double-pass pumping scheme: The pump beam is reflected by mirror M2 such that signal
and idler photons are generated in both directions. Mirror M1 reflects the photon pairs while M2 trans-
mits the photon pairs. Bandpass (BP) filtering and detection is identical to the setup shown in Fig. 2.30.
b, Signal-idler correlation function (Eq. 2.4.9) for different values of r̄ and a constant value of the relative
phase∆Φ = 0. The correlation function is simulated for a 10 nm bandpass with a Gaussian filter trans-
mission function. c, Normalized signal spectral density for the parameter combinations indicated in b. For
reference, the Gaussian filter transmission functionF(ls/i) is also plotted ( ). d, The signal-idler corre-
lation function is simulated for different values of the relative phase∆Φ and r̄ . The same 10 nm bandpass
filter as in b is applied. The dip at the center of the correlation function for r̄ > 0 and ∆q > 0 can
be related to destructive interference between photons generated in the forward direction and photons
generated in the backward direction (see Fig. 1.2). e,The signal spectral density is plotted for the different
parameter combinations indicated in d.
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Effective reflectivity. As shown in Fig. 2.32b, for increasing values of @̄, the signal-
idler correlation function approaches a shape which is identical to the case of
@̄ = 0, but with twice the width. This can be rationalized as follows: For @̄ = 1,
the interaction length is doubled (see section 1.1.3). Therefore, the width of the
phase matching envelope is reduced (see Fig. 2.32c) and the temporal width of
the correlation function is increased by a factor of 2, respectively.

For intermediate values 1 > @̄ > 0, only the first interaction between pump
beam and nonlinear crystal contributes fully to the correlation function. The
second pass contributes with a reduced amplitude due to losses at the mirrors
and inside the crystal.

Relative phase. Fig. 2.32d shows a simulation of the signal-idler correlation
function for different values of the relative phase ∆Φ with @̄ = 1. For ∆q = c,
there is a time-delay g directly at the center of the correlation function for which
no signal and idler photons are detected simultaneously. Correspondingly, for
∆Φ = c, we also find a dip at the center of the signal/idler spectral density
(see Fig. 2.32e). As discussed in Fig. 1.2, this phenomenon can be related to
destructive interference between photons generated in the forward direction
and photons generated in the backward direction. For intermediate values of
0 < ∆Φ < c, this interference effect is less pronounced.

Triple resonance. Fig. 2.33 compares the signal-idler correlation function between
a triply resonant two-crystal cavity (@̄ = 1) and a two-crystal cavity which is not
resonant at the pump wavelength (@̄ = 0): The global comb-like structure of the
correlation function only depends on the properties of the cavity at the signal
and idler wavelength. The properties of the cavity at the pump wavelength only
affect the fine structure of the peaks. This fine structure is identical for all peaks.
Only the height of the peaks scales exponentially with the time delay g. We will
discuss the shape of the correlation function in the subsequent section.

For a typical crystal length of 2 cm, the peaks of the signal-idler correlation func-
tion have a width of approximately 6 ps. Even if the width of these peaks would
be doubled by double-pass parametric interaction, the fine structure within the
peaks could not be resolved by time-correlated single-photon counting due to
the limited temporal resolution (typically >50 ps) of the single-photon detectors.
Therefore, single-pass and double-pass interaction cannot be distinguished with
the measurement scheme discussed in this section.
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Figure 2.33 | Signal-idler correlation function for a triply-resonant cavity with compensation crystal. a, The same exper-
imental setup as discussed in Fig. 2.31 is shown. A triply-resonant two-crystal cavity produces photon pairs
which are filtered with a 1 nm bandpass filter and are analyzed by time-correlated single-photon counting.
b, Comparison of the signal-idler correlation function for an effective reflectivity r̄ = 1 ( ) and r̄ = 0
( ), respectively. The global comb-like structure of the correlation function only depends on the prop-
erties of the cavity at the signal and idler wavelength. The fine structure of the peaks differs between a
pump-resonant source (̄r = 1) and a source with single-pass pumping (̄r = 0). The fine structure of each
peak (see inset) is identical and has been discussed in Fig. 2.32. The height of the peaks scales exponentially
( ) and is proportional to exp

(−|g|Γs/i
)

, where Γs/i is the signal/idler cavity decay rate (see Eq. 2.4.18).
The width of the peaks is on a time scale of several picoseconds. Therefore, the fine structure cannot be
resolved by time-correlated single-photon counting. For reference, we plot a typical Gaussian instrument
response function with a temporal width on the order of 100 ps ( ).
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2.4.5 | Signal-idler correlation function for single-crystal cavities

In the following, we present a simplified model to explain the signal-idler
correlation function of cavity-enhanced SPDC with and without compensation
crystals. This simplified model assumes that the temporal width of the individual
peaks of the signal-idler correlation function is so small that the peaks can be
treated as delta distributions.

The signal-idler correlation function can be rationalized as follows: A pair of
signal and idler photons is created at time B = 0. The signal photons perform <
round trips and the idler photons perform ; round trips until they leave the
cavity and are detected. The photons are detected at times Bs = B0,s+<·∆Brt,s and
Bi = B0,i + ; · ∆Brt,i, respectively. Here, B0,s/i is the time it takes the signal/idler
photon to propagate form the cavity to the detector. The signal/idler round-trip
time is:

∆Brt,s/i =
1

FSRs/i
. (2.4.24)

The time delay g which is recorded in the start-stop histogram is given by:

g = Bs − Bi − (B0,s − B0,i). (2.4.25)

Cavity with compensation crystal. We discuss the case of a cavity with compensation
crystal and equal signal/idler cavity round-trip times. The center peak of the
signal-idler correlation function at g = 0 comprises all events for which the
signal and idler photons from one pair perform the same number of round trips
in the cavity (< = ;). The first peak at a delay g > 0 is comprised of all events
for which the signal photon performs one round trip more than the idler photon
(< = ; + 1). The subsequent peak corresponds to two more round trips for the
signal photons than for the idler photons, and so forth (< = ; + ?, ? ≥ 2). The
peaks detected for delays g < 0 correspond to events for which the idler photon
performs more round trips than the signal photon.

Since the cavity round-trip time for the signal and idler photons is identical for a
cavity with a compensation crystal, the measured time delay g does not depend
on the absolute values of < and ; but only on the difference < − ;. Therefore,
a comb with equally-spaced peaks is detected (see Figs. 2.31 and 2.33).

Cavity without compensation crystal. This is no longer true for a single-crystal cavity
for which ∆Brt,s , ∆Brt,i. Even for the same number of round trips, the measured
time delay g depends on the absolute value of < = ;. For a cavity with unequal
signal/idler round-trip times, the peaks of the signal-idler correlation split up
into a series of sub peaks with a temporal spacing of∆Brt,s−∆Brt,i. The amplitude
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Figure 2.34 | Signal-idler correlation function for a triply-resonant single-crystal cavity. a, Measurement of the signal-
idler correlation function for a single-crystal cavity. The measurement setup is identical to Fig. 2.30. Here,
we assume the usage of superconducting single-photon detectors (SSPD) with a low timing jitter of∼50 ps.
b, Simulation of the signal-idler correlation function for a single-crystal cavity with∆Φ = 0 and r̄ = 0.5
( ). Each of the two peaks of the correlation function is split up into a series of sub peaks with decreas-
ing amplitude due to the differing signal/idler cavity round-trip times. Even with state-of-the-art single-
photon detectors, the temporal substructure of the peaks cannot be resolved. Therefore, to simulate the
experiment, we simulate ( ) the signal-idler correlation function convoluted with a typical Gaussian in-
strument response function ( ) with a FWHM of∆gIRF = 90 ps. The shape of the convoluted correlation
is nearly Gaussian for each peak. But, the presence of the substructure of the peaks could be inferred by
measuring the shift the center of the peak at g = 0 compared to the peak of non-resonant photon-pair
source.

of these sub peaks is increasing or decreasing with g, depending on whether
the signal round-trip time is larger or lower than the idler round-trip time. This
splitting for the correlation peaks into multiple sub peaks has been studied
theoretically by Kuklewicz.122

In Fig. 2.34, the signal-idler correlation function is simulated for a triply-resonant
single-crystal cavity using Eqs. 2.4.9, 2.4.21 and 2.4.22. All parameters were
taken from the measurement which we discuss in the next section. Here, only
the peaks with < = ; and < = ; + 1 are shown. In contrast to Fig. 2.33, each
peak is split up into a series of sub peaks. But, again, each of these sub peaks
shares the same fine structure. It is the same fine structure which has been
discussed in Fig. 2.32.
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2.4.6 | Signal-idler correlation function for the single-crystal cavity

Fig. 2.35 shows the measured signal-idler correlation function for the triply-
resonant cavity. The measurement is in excellent agreement with the theoretical
model given by Eq. 2.4.22. Due to the low timing jitter of the superconducting
single-photon detectors, the individual peaks of the correlation function could be
resolved. But, both the separation of each peak into the sub peaks, as discussed
in the previous section, as well as the fine structure of these sub peaks cannot
be resolved. To resolve such a fine structure, single-photon detectors with a
much lower timing jitter would be required.282

Fit. For the fit of Eq. 2.4.22 to the data, the free parameters are an arbitrary
shift g0 of the correlation function with respect to the data, the distance of the
mirrors, the finesse of the cavity for the signal and idler field, the width ∆gIRF
of the instrument response function, as well as the offset 2, and the amplitude 0.
The fit values of the finesse (Fs = 15 and Fi = 16) are in good agreement with
the value found for the fit to the measured signal spectral density (Fig. 2.20).
Since the distance of the mirrors and the orientation of the nonlinear crystal
was slightly altered between the measurement presented in Figs. 2.20 and 2.35,
the fit values also differ by about 10%.

The superconducting single-photon detectors feature a very low dark-count rate
and the bandpass filter blocks most of the spurious background fluorescence
generated inside the nonlinear crystal. Therefore, only a small fraction of the
detected signal can be attributed to uncorrelated background events. The fit
value of the offset is 2 = 22. In relation to the maximum of 7400 detected events
in the central bin at g = 0, this corresponds to a remarkable signal-to-noise
ratio of 300:1.

Detection of the substructure of the peaks. The fit value of the width of the IRF yields
∆gIRF = 90(1) ps. Note, that the shape of the peaks is still Gaussian to good ap-
proximation. The underlying substructure of the peaks is asymmetric. Fig. 2.36
compares the fit function with ∆IRF = 90 ps with a Gaussian peak with FWHM
of 96 ps. Within the uncertainty of the measurement, the experimental data
does not significantly deviate from the simple Gaussian peak. But, the Gaussian
peak is shifted by about 20 ps from g = 0 (see also Fig. 2.34b). Therefore,
the presence of the underlying substructure of the peaks can, in principle, be
identified as follows:

Expanding on the experiment shown in Fig. 2.35, we can measure the signal-
idler correlation function for a non-resonant photon-pair source with the same
combination of polarizing beam splitter and single-photon detectors. The non-
resonant source features a signal peak without substructure centered at g = 0.
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Figure 2.35 | Measurement of the signal-idler correlation function for the single-crystal cavity. a, The single-crystal
setup discussed, e.g., in Fig. 2.20 is analyzed by time-correlated single photon-counting (TCSPC). Signal
and idler photons are split at a polarizing beam splitter (PBS) and detected with superconducting single-
photon detectors (SSPDs). A 1 nm bandpass filter is used to block background fluorescence. b, The second-
order signal-idler correlation function is measured ( ) as a start-stop histogram for time delays g between
the detection of signal and idler photons. The measurement is in excellent agreement with the theoretical
model ( ) given by Eq. 2.4.22. c, Zoom into the first three peaks shown in b: The deconvoluted signal-idler
correlation function ( ) is asymmetric due to the differing signal/idler round-trip times∆trt,s , ∆trt,i.
Nevertheless, the peaks after convolution with the instrument response function exhibit a shape close to a
Gaussian distribution. The fine structure within the peaks cannot be resolved.
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For this peak, the width ∆gIRF can be measured. A shift of the central peak of
the signal-idler correlation function of the cavity-enhanced source then indicates
the presence of the substructure of the peaks.

Discussion. Similar measurements for single-crystal cavities have been per-
formed by other groups.130,133,136,149,273,274 The experimental results published
by Fekete and colleagues133 indicate a splitting of the peaks into sub peaks
due to the differing signal/idler cavity round-trip times. Their analysis utilizes
Eq. 2.4.14. But, for the simulation of the correlation function, they assume iden-
tical round-trip times for signal and idler photons. Therefore, the asymmetry of
the individual peaks is not explained by the authors.

Luo and colleagues141 derived an alternative expression for the second-order
signal-idler correlation function and verified their findings for a short (waveg-
uide) cavity experimentally. Other groups also were not able to resolve the
substructure of the peaks of the correlation function since they used short cavi-
ties with a very short round-trip time.130,273,274 Rieländer and coworkers149,274
did not resolve the peak structure of the correlation function due to subsequent
narrowband spectral filtering of the signal and idler photons.

Compared to the measurements shown in Fig. 2.31 which were performed
with avalanche photodiodes, the measurements presented in Fig. 2.35 clearly
highlight the advantage of using superconducting single-photon detectors. The
superior timing resolution of these state-of-the-art detectors allows for a high-
fidelity measurement of the temporal structure of the correlation function.
The experiment presented in Fig. 2.35 led to further investigations283 into the
possibility of shaping the wave packet of single photons via a fast amplitude
modulator. These experiments will be discussed in chapter 3 of this thesis.

2.4.7 | Narrowband spectral filtering

Narrowband spectral filtering is often used to isolate a single spectral mode
of the photons generated by cavity-enhanced SPDC.128,133,136,143,145,149 The
absence of the periodic peak structure in the signal-idler correlation function is
typically associated with a (spectral) single-mode operation of a cavity-enhanced
photon-pair source.128,130 An ideal photon-pair source with a single (Lorentzian)
spectral mode has a signal-idler correlation function with two exponential slopes
and no further internal structure.
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Figure 2.36 | Detail of the signal-idler correlation measurement. Measurement ( ), deconvoluted theory ( ), convo-
luted theory ( ) with IRF width of 90(1) ps, Gaussian ( ) with IRF width of 96(1) ps and a shift of 20 ps.

Near single-mode operation. Scholz and colleagues128 showed how a cascaded
narrowband filtering system completely eliminates the peak structure of the
correlation function. In this section, we evaluate the impact of narrowband
filtering with a single low-finesse cavity on the second-order signal-idler cor-
relation function. The aim of the chosen filtering system is to achieve near
single-mode operation in conjunction with high brightness and minimum loss
of photon-pairs.

In the case of the single low-finesse filter cavity, a single spectral mode dominates
the spectral density of signal and idler photons. But, the filter cavity also partially
transmits the adjacent spectral modes. This results in a correlation function
which still features a peaked structure, but exhibits a reduced visibility.

Experimental setup. Fig. 2.37a shows the experimental setup. Signal and idler
photons generated inside the single-crystal cavity are coupled into a single-mode
fiber. Subsequently, they are transmitted through a monolithic filter cavity with
a linewidth of 885MHz (much larger than the linewidth of the central mode)
and a free spectral range of 28.8GHz (see section 2.1). A resonance of the
filter cavity is tuned to the degenerate mode (ls = li = lp/2) at the center of
the central cluster. The filter cavity suppresses the two adjacent modes of the
central cluster by a factor of about 15. All further peaks of the central cluster are
suppressed by more than two orders of magnitude. The splitting of signal and
idler photons, as well as the experimental setup used to measure the correlation
function, is identical to the setup shown in Fig. 2.35.

The filter cavity has an on-resonance transmission of more than 90% and a fiber-
to-fiber coupling efficiency of more than 50%. Therefore, the losses induced by
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Figure 2.37 | Signal-idler correlation function with spectral filtering. a, Signal and idler photons generated inside a single-
crystal cavity are spectrally filtered with a monolithic filter cavity (FC2, see section 2.1) with a linewidth
of 885 MHz and a free spectral range of 28.8 GHz. Subsequently, the signal-idler correlation function is
recorded by time-correlated single-photon counting (see Fig. 2.35). b, Signal spectral density without
spectral filtering ( ) as discussed in Fig. 2.20. A filter-cavity resonance is tuned to the central peak
(ls = lp/2) of the central cluster. Most of the other spectral modes are suppressed by the filter cav-
ity transmission function ( ). The filtered signal spectral density ( ) is dominated by a single spectral
mode. But, the two adjacent modes are suppressed by a factor of only 15. Additionally, one spectral mode
at ls − lp/2 ≈ 2c · 85 GHz is partially transmitted by the filter cavity. c, The measured signal-idler
correlation function ( ) is in good agreement with the theoretical model ( ) given by Eq. 2.4.22. The un-
convoluted signal/idler correlation function ( ) features a complicated internal structure caused by the
bouncing of the signal and idler wave packets inside the filter cavity. The inset is a zoom into the central
part of the plot.
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the single-cavity spectral filtering are considerably lower than the losses of a
cascaded filtering system.

Spectral filtering. Fig. 2.37b compares the signal-photon spectral density before
and after filtering. In the second cluster, one of the modes coincides with a
filter-cavity resonance. Photons generated into this mode are transmitted with
high (>50%) probability. The filter-cavity transmission spectrum is symmetrical
about the degeneracy frequency ls/i = lp/2. If a signal photon is transmitted
at the frequency ls = lp/2 + ∆l, the corresponding idler photon of the pair
at frequency li = lp/2 − ∆l is also transmitted by the filter cavity.

Mode structure after filtering. The spectral density of the filtered signal and idler
photons is dominated by the degenerate mode at ls/i = lp/2. Nevertheless,
the photon-pair source does not operate with a single spectral mode. The partial
multi-mode characteristic manifests itself in the measurement of the signal-idler
correlation function.

Experimental results – broadening of the peak structure. Fig. 2.37c shows the experi-
mental data which was also presented in Ref. [138]. The measured signal-idler
correlation function still features a comb structure instead of a single exponen-
tial decay. But, the filter cavity broadens the peak structure of the correlation
function. This broadening reduces the visibility of the individual peaks.

Ref. [138] approximates this broadening by noting that the narrowband filtering
corresponds to an increase in the effective width of the instrument response
function of the detection system. The spectral filtering increases the width of
the IRF from ∆gIRF = 90(1) ps to the effective width ∆gIRF, eff = 340(10) ps.

Fit. But, with Eqs. 2.4.21 and 2.4.22, the theoretical signal-idler correlation
function can be simulated more thoroughly and without introducing an effective
width of the IRF. Again, the theoretical curve (Fig. 2.37c) is in good agreement
with the measurement data. As it turns out, the shape of the correlation function
is extremely sensitive to the mirror spacing and the free spectral range of the
filter cavity.

This can be rationalized as follows: After leaving the down-conversion cavity,
the signal and idler wave packets are localized in discrete time slots indicated
by the peaks of the signal-idler correlation function (see Fig. 2.35b). Once these
localized wave packets enter the filter cavity, they bounce back and forth inside
the cavity until they exit after several round trips. The signal-idler correlation
function accounts for all combinations of the number of round trips of both
photons in either cavity.
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Therefore, the ratio of the round-trip times of signal and idler photons inside
the conversion and the filter cavity gives rise to a complicated pattern of the
deconvoluted correlation function (see Fig. 2.37c). The mirror spacings of the
down-conversion cavity and the free spectral range of the filter cavity, thus,
determine the exact time delays with which signal and idler photons can be
detected after leaving the filter cavity. Even slight changes in either parameter
drastically change the structure of the correlation function.

Discussion – efficient single-mode filtering. The experimental results presented in
this section show that one can achieve single-mode operation of the single-
crystal photon-pair source only partially with a single low-finesse filter cavity.
A filter-cavity with a finesse of F = 30 broadens the peak structure of the
correlation function, but does not completely eliminate this structure.

Fig. 2.38a evaluates whether a filter cavity with a higher finesse could obtain
single-mode operation of the down-conversion source. The signal-idler corre-
lation function (convoluted with the IRF of the detection system, Eq. 2.4.22)
is plotted for different values of the filter-cavity finesse. For this simulation,
we fix the free spectral range of the filter cavity to 28.8GHz. The FWHM of
the filter-cavity resonances is reduced from 960MHz (F = 30) to 380MHz
(F = 75) and approaches the signal/idler cavity decay rate.

Therefore, for larger values of the filter-cavity finesse, the transmission of the
selected spectral mode is reduced. For F = 75, less than 80% of signal and
idler photons of the selected spectral mode are transmitted by the filter cavity.
The probability to detect both photons from one pair is, thus, reduced by about
40% after filtering.

Although the filtering losses are comparably high for F = 75, we can still
observe the peak-structure of the signal-idler correlation function. Thus, to
achieve single-mode operation we require an even higher finesse. To circumvent
the filtering losses, one could use a filter cavity with a larger free spectral range
to obtain a larger FWHM of the cavity resonances. But, as has been discussed
in section 2.1, high-finesse monolithic filter cavities also suffer from poor trans-
mission due to losses inside the cavity. Therefore, to achieve high transmission,
other filter-cavity configurations or alternative spectral filter technologies need
to be used.

Cascaded filtering. Instead of a single filtering cavity, we can use cascaded fil-
ter cavities with differing free spectral ranges.128 This offers the possibility
to obtain single-mode operation whilst using low-finesse cavities with high
transmission.
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Figure 2.38 | Signal-idler correlation function with narrowband filtering. a, The correlation function G
(2)
s/i (g) is shown

for different values of the filter-cavity finesse and a free spectral range of 28 GHz. Even for a moderately
high finesse of F = 75, the filter cavity does not fully eliminate the peak structure of the correlation
function. Additionally, at F = 75, the transmission of the central spectral mode through the filter cavity
is only T = 79 %. b, A cascaded filter-cavity system is much more efficient in spectrally selecting only
the central mode. The correlation function is shown for different values of the filter-cavity finesse. Here,
both filter cavities share the same finesse. For two cascaded filter cavities with a finesse of F = 50 and
free spectral ranges of 28 GHz and 35 GHz, the peak structure is fully eliminated whilst the transmission is
still high (T = 87 %).
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Fig. 2.38b compares the signal-idler correlation functions for different cascaded
filter-cavity systems. For all curves, the two filter cavities have free spectral
ranges of 28GHz and 35GHz and both filters share the same finesse F1/2. The
correlation function for two cavities with F1/2 = 20 is qualitatively comparable
to the case of a single filter cavity with F = 75 shown in Fig. 2.38a. In both
cases, we observe slight modulations superimposed on the exponential slopes.
But, the losses by spectral filtering are much lower (≈5%) for the cascaded filter
system when compared to the single-cavity filtering scheme () = 79 %).

The application of cascaded filters with a finesse of just F1/2 = 40 completely
eliminates the peak structure of correlation function. In this case, the transmis-
sion () = 87 %) is comparable to a single filter cavity with F = 50.

2.5 | Hong-Ou-Mandel effect – photon indistinguishability

The so-called Hong-Ou-Mandel32 (HOM) effect is the main textbook example
for the non-classical interaction of single photons. It dramatically highlights the
bosonic nature284 of single photons.

Upon coalescence of two single photon states on a beam splitter, the photons
exhibit a bunching behavior which cannot be observed for classical particles:
The two photons always exit the beam splitter through the same output port.
But, this photon bunching on a beam splitter can only be observed for photons
indistinguishable in all (spectral, temporal, spatial, polarization) degrees of
freedom. The HOM effect has been studied extensively in the literature.285–289
Assuming that the reader is familiar with the HOM effect, we do not present
the theoretical foundation here in greater depth.

Hong-Ou-Mandel dip. The HOM effect is typically observed by measuring the
coincidence rate of photons leaving the beam splitter through either output port.
If the arrival of either photon is delayed by a time delay g with respect to the
other, the coincidence rate typically features a dip in the coincidence rate 'coin(g)
at g = 0. For indistinguishable photons, the shape of this Hong-Ou-Mandel dip
can be related to a self convolution of the temporal wave function.290

Non-resonant Hong-Ou-Mandel effect. Before we discuss the Hong-Ou-Mandel ef-
fect measured with the cavity-enhanced photon pair sources, we present a
simple experiment based on non-resonant SPDC. Although all results obtained
in this non-resonant experiment have already been published in the literature,290
the experiment is nevertheless instructive. The non-resonant experiment gives
valuable insights into the shape of the Hong-Ou-Mandel dip for type-II SPDC.



2.5 Hong-Ou-Mandel effect – photon indistinguishability | 183

Furthermore, the limitations of the experimental setup are highlighted. The
measured HOM visibility serves as an upper bound for the visibility measured
for the cavity-enhanced photon-pair source since the visibility is mainly limited
by the experimental setup and not by the properties of the photon-pair source.

Cavity-enhanced photon-pair source. The Hong-Ou-Mandel effect for photons gen-
erated by degenerate cavity-enhanced SPDC has already been discussed in
the literature: Photon-pair sources based on degenerate type-II SPDC can be
utilized as sources of polarization-entangled photons.121,122,125 But, for the
generation of high-fidelity entangled states, a high degree of spectral indis-
tinguishability between signal and idler photons is required. The Hong-Ou-
Mandel effect provides as versatile tool to evaluate the distinguishability of
photons. Photon pairs generated by cavity-enhanced SPDC have been analyzed
with a HOM interferometer.126 Indistinguishable photons generated by cavity-
enhanced SPDC can also be utilized to generate so-called NOON-states.142,144

Another focus of research lies on the so-called revival of the HOM dip for photon
pairs generated inside a cavity.36,117,119,150 For a cavity with equal free spectral
ranges for signal and idler fields, additional HOM dips separated by multiples
of half the cavity round-trip time Brt can be observed. The revival of the HOM
dip will be discussed in a latter part of this section.

Hong-Ou-Mandel effect for triply-resonant cavity-enhanced SPDC. This section focusses
on the shape of the central HOM dip depending on the relative phase ∆Φ of the
three interacting fields inside the down-conversion cavity. To the best of the
author’s knowledge, this topic has not been discussed in the literature. As we
have analyzed before, the relative phase ∆Φ has a fundamental impact on the
spectral features of the generated photon pairs (see section 2.3). The impact on
the signal-idler second-order correlation function is also apparent (e.g. from
Fig. 2.32), but is not experimentally accessible with the timing jitter of state-of-
the-art single-photon detectors. In this section, we show that the two-crystal
configuration with a compensation crystal is especially suited to analyze the
impact of the relative phase on the HOM dip. By detuning the compensation-
crystal temperature, not only can one adjust the degree of distinguishability of
the signal and idler photons. It is also possible to fine-tune the relative phase ∆Φ
to arbitrary values. The measured HOM-dip shapes are in excellent agreement
with the theoretical predictions developed in this thesis.

Single-mode spectral filtering. In section 2.4.7, we discussed how single-mode op-
eration of a cavity-enhanced photon-pair source can be achieve by narrow-
band spectral filtering. Here, we use the same setup to generate spectrally
indistinguishable signal and idler photons. These filtered photon pairs show
high-visibility Hong-Ou-Mandel interference with high coincidence rates at the
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single-photon detectors. The evaluate theoretically how the finesse of the filter
cavity affects the shape of the Hong-Ou-Mandel dip.

Generation of polarization-entangled photons. With a conventional non-polarizing
beam splitter, degenerate type-II SPDC can be used to generate polarization-
entangled photons. Since we show that after single-mode spectral filtering
the photons are spectrally nearly indistinguishable, it becomes apparent that
we can use our cavity-enhanced photon-pair source to generate entangled
photons. We conclude this section by measuring the bell-state fidelity of this
polarization-entangled two-photon state.

2.5.1 | Non-resonant Hong-Ou-Mandel effect

As an introduction to the discussion of the Hong-Ou-Mandel effect in the context
of cavity-enhanced photon-pair sources, we briefly discuss the non-resonant
case in the following. The experimental setup291 is depicted in Fig. 2.39. The
Hong-Ou-Mandel effect is measured for signal and idler photons generated
inside a periodically poled KTP crystal by non-resonant SPDC. The pump laser
is tightly focussed with lens L1, locating the beam waist at the center of the
nonlinear crystal. The generated photon pairs are collimated via lens L2 and
the pump light is blocked by a 50nm bandpass (BP) filter centered at signal
and idler wavelength of 894 nm. A half-wave plate (HWP) precisely aligns the
polarization axes of signal and idler photons with the mechanical axes of a
polarizing beam splitter.

Hong-Ou-Mandel interferometer. The idler photons are directly coupled into a fiber
and directed to a 50/50 non-polarizing beam splitter. The signal photons are
directed to a monolithic retroreflector which is mounted onto a translation stage.
After this variable delay, the polarization of the signal photons is rotated by a
half-wave plate to coincide with the idler photon polarization. Subsequently,
the signal photons are fiber coupled and directed to the second input port of
the beam splitter. The path-length variation ∆:, adjusted by the retroreflector
position,33 precisely defines the temporal delay g between signal and idler
photons at the beam splitter. We detect photons exiting the beam splitter on
either side with two avalanche photon diodes. A TCSPC electronics measures
the rate at which photons are detected in coincidence.

Indistinguishability. The experimental setup depicted in Fig. 2.39 aims to render
signal and idler photons indistinguishable in all degrees of freedom:
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Figure 2.39 | Hong-Ou-Mandel effect without spectral filtering. a, Signal and idler photons generated (non-resonantly)
inside the PPKTP crystal are split up at a polarizing beam splitter (PBS). The PBS directs the signal pho-
tons directly to a 50/50 non-polarizing beam splitter (BS). A retroreflector mounted on a translation stage
delays the arrival time of the idler at second input port of the beam splitter. Two fiber-coupled avalanche
photodiodes measure the coincidence rate at which the photons from one pair leave the beam splitter at
either side. b, For a time delay g ≈ 3.3 ps, we detect a strong reduction of the coincidence rate. This
coincidence-rate reduction can be attributed to an increase of events in which both photons exit the beam
splitter through the same output port. The V-shape of the so-called Hong-Ou-Mandel dip is in excellent
agreement with the theory presented by Sergienko and coworkers290 for photon pairs generated by type-II
SPDC. The visibility of 45.4(5) % of the HOM dip is limited by imperfections in the measurement setup (see
main text).
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• The temperature of the PPKTP crystal is chosen as close as possible to
the degeneracy point where the signal spectral density coincides with the
idler spectral density.

• The difference in group velocity of signal and idler photons inside the
crystal is compensated by the variable delay line.

• By rotating the signal-photon polarization, the photons are indistinguish-
able in polarization.

• Signal and idler photons are coupled into single-mode fibers before and
after the beam splitter. Therefore, their spatial mode is nearly Gaussian.
The spatial mode overlap at the beam splitter is optimized by monitoring
the classical interference visibility, which exceeds 95%.

Measurement results. For a time delay g ≈ 3.3 ps, we detect a strong reduction
of the coincidence rate (see Fig. 2.39b). This time delay corresponds to half
the signal-idler propagation delay g0 inside the nonlinear crystal as defined in
Eq. 2.4.16. The V-shape of the Hong-Ou-Mandel dip is in excellent agreement
with the theory presented by Rubin and coworkers177 for photon pairs generated
by type-II SPDC.290 Without spectral filtering, the temporal wave function of
signal and idler photons exhibits a rectangular shape (see Figs. 2.29 and 2.30).
Therefore, the Hong-Ou-Mandel dip – as the self-convolution of the temporal
wave function – has a triangular shape:

'
type-II
coin (g) = 2 + 0

1 −
{

1 −
��g/g0

��, for
��g/g0

�� < 1
0, elsewhere

 , (2.5.1)

where the offset 2 and the amplitude 0 are constants. For indistinguishable
photons and a Hong-Ou-Mandel interferometer with a classical visibility of
+ = 1, the offset in Eq. 2.5.1 would be 2 = 0. In the following, we discuss why
the measured HOM visibility deviates from unity.

Visibility. The visibility + of the HOM dip is typically292 defined by:

+ =
'max
coin − 'min

coin

'max
coin + '

min
coin

, (2.5.2)

where 'max
coin is the maximum of the coincidence rate 'coin(g) and 'min

coin is the
minimum in the center of the HOM dip.

For the experiment shown in Fig. 2.39, the following imperfections contribute
to a degradation of the visibility to + = 45.4(5)%: Upon reflection of the
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signal photons at the monolithic retroreflector, the linear input polarization was
transfered to an elliptical polarization293 which was not compensated for in the
experiment. Thus, the retroreflector limited the indistinguishability of signal and
idler photons in polarization. The imperfect spatial mode overlap of signal and
idler fields at the beam splitter further limited the HOM visibility. We measure
a classical interference visibility of about 80% for the HOM interferometer.
Finally, background fluorescence (see Fig. 2.14) generated inside the nonlinear
crystal contributed to the offset of the HOM dip.

The same HOM interferometer is used for the measurements with the cavity-
enhanced photon-pair source presented in the subsequent section. Therefore,
the visibility measured for the single-pass photon-pair source represents an
upper bound for the cavity measurements. Very high visibilities can be achieved
with type-II parametric down-conversion.126,150,290 The visibility measured here
is, therefore, not limited by the spectral properties of the generated photon-pairs
and can be attributed to the imperfections of the interferometric setup.

2.5.2 | Two-crystal cavity configuration

The cavity configuration with a compensation crystal offers the possibility to tune
the signal and idler frequency combs (see section 2.3.3) in perfect degeneracy.
On the one hand, the temperature of the conversion crystal determines the
degree of degeneracy of the parametric gain envelope for signal and idler fields.
On the other hand, by tuning the temperature of the compensation crystal, one
can superimpose the individual teeth of the frequency combs.

Typically, the signal and idler frequency combs are superimposed to achieve
spectral degeneracy in a central spectral mode. But, by detuning the signal
frequency comb with respect to the idler frequency comb, the relative phase ∆Φ
can be brought to any value between 0 and 2c (albeit with a reduction of the
photon-pair generation rate). In this section, we discuss the degenerate case.
We will discuss the impact of the phase ∆Φ on the shape of the HOM dip in the
subsequent section.

Experimental setup. The experimental setup shown in Fig. 2.40 is identical to the
Hong-Ou-Mandel interferometer shown in Fig. 2.39 except for the photon-pair
source. Instead of the 50 nm bandpass filter, a 1 nm bandpass filter is used to
suppress the background fluorescence. Using a grating spectrometer, the signal
and idler parametric gain envelope is tuned to degeneracy by adjusting the
conversion crystal temperature. Subsequently, to achieve spectral degeneracy
of the signal and idler fields, we adjust the temperature and orientation of
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the compensation crystal to tune the pump, signal and idler cavity resonance
frequencies.

To monitor these resonance frequencies, we use the master laser at 894 nm:
While scanning the cavity mirror, a flip mirror directs the master laser to the
cavity. We monitor the cavity transmission of the laser with two photodiodes
while scanning the cavity mirror position via the piezo-electric transducer at-
tached to the outcoupling mirror (see Fig. 2.12). Simultaneously, a photodiode
also records the pump light reflected by the cavity.

The theoretical PD signals are shown in Fig. 2.40c for perfect degeneracy of
signal and idler fields and ideal pump resonances. Fig. 2.40e displays the
measured photodiode signals. Minor side peaks are detected for the idler field.
They are not present for the signal field. By careful alignment of the adjustable
cavity mirror, the side peaks for the idler field can be eliminated. But, in
this case, we observe side peaks for the signal field. These can be attributed
to a birefringence-induced spatial walk-off inside the crystals. This walk-off
prohibits the perfect alignment for both signal and idler fields for the chosen
crystal orientation.

Once the degeneracy point is detected using the photodiodes, we lock the cavity
to the pump beam. We remove the flip mirror and direct signal and idler photons
to the HOM interferometer. We measure the coincidence rate for a duration
of 20 s for different positions of the retroreflector. Before we will discuss the
experimental results, in the following, we present the theoretical expectation
for the HOM dip for a triply-resonant cavity-enhanced photon-pair source.

Theory. The Hong-Ou-Mandel dip is expressed as the rate 'coin(g) of coinci-
dence events detected with the two single-photon detectors placed behind the
two output ports of the beam splitter. The derivation of 'coin(g) is similar to the
derivation of the signal-idler correlation function (Eq. 2.4.9) and is discussed in
detail in the literature.294,295

For photon pairs generated by SPDC, the coincidence rate can be expressed
solely in terms of the joint spectral amplitude of the biphoton state. The Hong-
Ou-Mandel dip is given by:294–296

'coin(g) ∝
∞∫

−∞
dls

∞∫
−∞

dli

���k(ls,li)47lig − k(li,ls)47lsg
���2. (2.5.3)

Earlier works on the HOM dip did derive analytic expressions for the double
integral in Eq. 2.5.3 even for cavity-enhanced type-II SPDC.121,150,290 But, the
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Figure 2.40 | Hong-Ou-Mandel effect measured with a two-crystal cavity. a, The experimental setup is identical to the
Hong-Ou-Mandel interferometer shown in Fig. 2.39 exept for the photon-pair source. Here, signal and
idler photons are generated inside the cavity with compensation crystal. A 1 nm bandpass filter suppresses
spurious photons from the background fluorescence. To monitor the signal and idler field resonance fre-
quencies we utilize the master laser. The cavity transmission of the laser is monitored with two photodi-
odes (PD) while scanning the cavity-mirror position via the piezo-electric transducer (PZT) attached to the
outcoupling mirror (see Fig. 2.12). The master laser is directed to the cavity over a flip mirror (FM) which
does not block the generated signal and idler photons during the measurement of the Hong-Ou-Mandel
effect. b, Theoretical simulation of the Hong-Ou-Mandel dip for perfect degeneracy of the signal and
idler frequency combs. As measured for this cavity via spectroscopy, the effective reflectivity of the cavity
is assumed to be r̄ = 0.9 (see section 2.3.3). The theoretical model (Eq. 2.5.3) is simulated for a band-
pass filter bandwidth of 1 nm ( ) and, for comparison, 10 nm ( ). c, Simulation of the signal ( ), idler
( ), and pump ( ) photodiode signal as a function of the displacement∆d of the cavity mirror. d, Mea-
sured Hong-Ou-Mandel dip with a visibility of 39.9(3) %. e, Measured signal ( ), idler ( ), and pump
( ) cavity transmission functions. For the idler field, the presence of side peaks indicates an imperfect
alignment of the cavity.
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simulation of the theoretical expression shown in this section solely relies on
numerical integration of Eq. 2.5.3. This has the advantage that the theoretical
predictions can be simulated even for the complicated joint spectral density
discussed in the following and, e.g., for arbitrary additional spectral filtering
steps.

Two-crystal configuration: joint spectral amplitude. By comparing the experimental
data with the theoretical predictions of the HOM dip shape, we can directly verify
the explicit expressions for the cavity round-trip phase derived in section 1.2.2.
The round-trip phase directly enters the joint spectral amplitude via the cavity
transfer functions T (l) of the different fields. A compensation crystal inside
the cavity also modifies the phase-balancing amplitude >(ls,li).

We can write the joint spectral amplitude of the biphoton state for the two-crystal
cavity (with Eq. 1.1.72) as:

k
two crystal
cavity (ls,li) ∝ ksp(ls,li)Tp(ls + li)Ts(ls)Ti(li)>two crystal

cavity (ls,li),

(2.5.4)

where the cavity transfer functions Tn(ln) are given by Eq. 1.1.61 and the
corresponding round-trip phases are given by Eq. 1.2.22. Using Eqs. 1.2.38
and 1.2.40 one finds:

k
two crystal
cavity (ls,li) ∝ ksp(ls,li)Tp(ls + li)Ts(ls)Ti(li)

×
[
1 + @̄47[∆9qpm:+2∆9comp:+∆Φ0]

]
,

(2.5.5)

where ∆9comp: is the relative phase gathered by the fields inside the compen-
sation crystal and ∆Φ0 is the relative phase originating from the mirror phase
shifts and the Gouy phase. For the experiments discussed in this section, the
Gaussian beam profile of the fields does not affect the shape of the HOM dip
since the focussing parameter b ≈ 0.2 is relatively small (see section 1.2.1) for
the cavity under investigation. Therefore, we use the plane-wave expression
(Eq. 1.1.29) for the signal-pass joint spectral amplitude:

k
two crystal
cavity (ls,li) ∝ A(ls + li) sinc

(
∆9:/2)47∆9:/2

× Tp(ls + li)Ts(ls)Ti(li)
×

[
1 + @̄47[∆9qpm:+2∆9comp:+∆Φ0]

]
.

(2.5.6)
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Figure 2.41 | Revivals of the Hong-Ou-Mandel dip for the two-crystal cavity. a, Experimental setup. For details refer to
Fig. 2.40. b, For a cavity-enhanced photon-pair source with compensation crystal and identical signal/idler
round-trip times∆trt, s/i, we observe a comb of Hong-Ou-Mandel dips spaced by multiples of∆trt, s/i/2.
For this simulation, signal and idler fields are tuned to perfect degeneracy. The effective reflectivity is r̄ = 1
and the relative phase is∆Φ = 0. Except for their visibility, each of the HOM dips has the same shape
(see Fig. 2.40b). Eq. 2.5.8 describes the envelope ( ) of the HOM dips.
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Hong-Ou-Mandel dip and revivals. Fig. 2.41 shows the coincidence rate 'coin(g)
simulated with Eqs. 2.5.3 and 2.5.6 for a two-crystal cavity tuned to degenerate
triple resonance. The effective reflectivity is set to @̄ = 1 and the relative phase
is ∆Φ = 0.

Instead of a single Hong-Ou-Mandel dip, we observe a comb of dips separated
by multiples of half the signal/idler cavity round-trip time ∆Brt.36,117,119,150
Each of these dips has the same shape as the central dip shown in Fig. 2.40b.
Therefore, the adjacent dips are called the revivals of the central Hong-Ou-
Mandel dip. But, the individual dips have differing visibilities. While the central
dip has a visibility of 1, the visibility of the adjacent dips scales with an inverted
bell-shaped distribution with a width determined by the cavity decay rate.

Envelope of the revivals. To analyze the envelope of the dips, we use the idealized
single-mode joint spectral amplitude consisting of two Lorentzian contributions
with identical cavity decay rates ΓA/7 (see Eqs. 1.4.14 and 1.4.18):

ksingle mode(ls,li) = !(Γs/i,ls)!(Γs/i,li). (2.5.7)

With Eqs. 2.5.3 and 2.5.7, the normalized HOM dip is:

'
single mode
coin (g) = 1 − [

1 + Γs/i |g|
]
4−Γs/i |g |. (2.5.8)

The full width at half maximum of this Lorentzian distribution is larger by
a factor of ≈2 than the signal-idler correlation function for the same down-
conversion cavity configuration (compare Figs. 2.31b and 2.41b). Fig. 2.41
also shows that Eq. 2.5.8 is the envelope for the comb of HOM dips for the
two-crystal cavity-enhanced photon-pair source.

Adjacent HOM dips. The presence of the adjacent HOM dips has been confirmed
for the two-crystal cavity. But, the shape of the adjacent dips is only identical to
the central dips for the idealized parameters chosen for Fig. 2.41. A detailed
study of the shapes of the adjacent dips as a function of the compensation crystal
temperature, the relative phase ∆Φ, and the effective reflectivity @̄ does not lie
within the scope of this thesis. In the following, we will present experimen-
tal measurements only for the central HOM dip. Firstly, we discuss how the
parameters of the joint spectral amplitude were derived and then present the
experimental results.

Parameter values of the joint spectral amplitude. In this section, most of the parameters
needed to describe the joint spectral amplitude are taken from the fits to the
measurements of the signal-photon spectrum (see Fig. 2.21) and the signal-idler
correlation function (see Fig. 2.31). These measurements yield precise values
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for the cavity length, the length of the crystals and the reflectivity of the mirrors
for the different fields. The only free parameters needed to fully describe the
joint spectral amplitude are the offsets to the cavity round-trip phases of the
three fields. These offsets shift the resonance frequencies of the three fields
to the desired values. To determine these offsets, we would need much more
precise absolute values of the mirror spacing, the lengths of the crystals and
their precise orientations with respect to the optical axis. We measure changes
of the compensation crystal temperature ∆)comp via the set point value of the
corresponding temperature controller with an uncertainty of ≈50mK.

Experimental results. Fig. 2.40d displays the measured central Hong-Ou-Mandel
dip for the two-crystal cavity with temperatures and orientations of the crystals
optimized for maximum visibility. For each position of the retroreflector, the
coincidence rate at the detectors was integrated for 20 s. The shape of the HOM
dip is in good agreement with the theory. Instead of a triangular shape, the
edges are smoothed out and we observe an inverted Gaussian HOM dip. This
smoothing can be attributed to the 1 nm bandpass filter (see Fig. 2.40b).

As expected from the non-resonant measurements with the same HOM inter-
ferometer presented in Fig. 2.39, the measured visibility is much lower than
the theoretical value of 1. The data shown here is rather noisy due to random
fluctuations of the photon-pair generation rate over the measurement duration.
Therefore, we do not present a direct fit of the theory to the data points.

2.5.3 | Hong-Ou-Mandel dip and the relative phase∆Φ

Note, that the relative phase ∆Φ = 2∆9comp: + ∆Φ0 in Eq. 2.5.6 can be tuned
by changing the compensation crystal temperature )comp. Fig. 2.42a shows
this dependency. A full phase shift of ∆Φ = 2c corresponds to a temperature
difference of ∆)comp ≈ 0.6 K.

Temperature tuning of the compensation crystal. In Fig. 2.42b, we simulate the coin-
cidence rate 'coin(g) as a function of the compensation crystal temperature. For
∆)comp ≈ 0.3 K (which corresponds to a relative phase difference of ∆Φ ≈ c),
instead of a reduction of the coincidence rate at g = 0, we find an increase in
coincidence events. Due to the phase relation between the fields inside the cavity,
signal and idler photons, now, preferably split at the beam splitter. Therefore,
by adjusting the compensation crystal temperature, we can tune the statistics
of the generated photons from a bosonic (bunching) to an intermediate or part-
ly fermionic (splitting) characteristic.297,298 For larger temperature detunings
of the compensation crystal (∆)comp ≈ 0.6 K), the Hong-Ou-Mandel dip is
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Figure 2.42 | Hong-Ou-Mandel dip depending on compensation-crystal temperature. a, Relative phase∆Φ as a func-
tion of the compensation-crystal temperature ∆Tcomp. b, Simulation of the coincidence rate Rc(g)
(Eq. 2.5.3) as a function of the compensation-crystal temperature. The Hong-Ou-Mandel dip is simulated
for a 10 nm bandpass filter. For∆Tcomp ≈ 0.3 K (∆Φ ≈ c), instead of photon bunching, photon anti-
bunching is observed. For ∆Tcomp ≈ 0.6 K (∆Φ ≈ 2c), the HOM dip is restored but the signal and
idler photons are spectrally distinguishable, which reduces the visibility. c, HOM dip for ∆Tcomp = 0
(∆Φ = 0, perfect spectral indistinguishability) as a function of the effective reflectivity r̄ . For r̄ = 1, the
width of the HOM dip is doubled compared to r̄ = 0 due to the doubled parametric interaction length.
For r̄ = 0.5, the visibility of the HOM dip is less than unity since the paths of signal and idler photons are
partly distinguishable.82 d, HOM dip for∆Tcomp = 290 mK (∆Φ ≈ c) for different values of r̄ .
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recovered, but the visibility is reduced since the individual resonances of the
signal and idler fields do not coincide any more such that signal and idler
photons are spectrally distinguishable.

Effective reflectivity and indistinguishability. The effective reflectivity @̄ determines
the shape of the HOM dip (see Figs. 2.42c and 2.42d). For @̄ = 1 and∆)comp = 0,
the width of the HOM dip is doubled compared to @̄ = 0 due to the doubled
interaction length. For this situation, photon pairs generated in the forward
direction cannot be distinguished from photon pairs generated in the backward
direction, in principle.

For @̄ = 0.5, the visibility of the HOM dip is less than unity since the paths of
signal and idler photons are partly distinguishable:82 Photon pairs generated
in the forward direction would require a positive translation ∆: > 0 of the
retroreflector to compensate for the time delay with which signal and idler
exit the cavity (even for the same number of cavity round-trips). But, photon
pairs generated in the backward direction would require a negative translation
∆: < 0 to compensate this time delay. Therefore, there is not value of ∆: for
which there is no which-way information of the signal and idler paths.

In summary, the measurement of the coincidence rate 'coin(g) offers the oppor-
tunity to experimentally verify the expression for the joint spectral amplitude
(Eq. 2.5.6). Additionally, the parameters ∆Φ and @̄ can be measured with high
resolution by inspecting the HOM dip shape.

Compensation-crystal temperature tuning: experimental results. Fig. 2.43 compares the
measured HOM dip for ∆Φ ≈ c/2 (∆)comp ≈ 140 mK) with the theoretical
predictions. The measurement is in adequate agreement with the theory. The
temperature dependent Sellmeier equations of the KTP crystals combined with
the full expression of the cavity round-trip phases offer a good estimate of the
tuning rates of the individual resonance frequencies. The measured HOM dip
shape is compatible with the value @̄ ≈ 0.9 measured for the two-crystal cavity
with the high-resolution monochromator (see Fig. 2.21 in section 2.3.3).

As expected, the resonances of signal and idler photons no longer overlap
(Fig. 2.43d). Therefore, the photons are partially spectrally distinguishable and
we observe low visibilities. In Fig. 2.44 we present the experimental results
for two further temperatures of the compensation crystal. These additional
measurements fully verify the theoretical model depicted in Fig. 2.42b.

Discussion. When the data discussed in this section was measured,291 the ob-
served shapes of the Hong-Ou-Mandel dip for the non-degenerate case could
not be explained. It was assumed that the shape of the HOM dip for ∆)comp , 0
was caused by the spectral distinguishability of signal and idler fields. But, with
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Figure 2.43 | Hong-Ou-Mandel dip for∆Φ ≈ c/2. The same plots as in Figs. 2.40b to 2.40e are shown. The experimen-
tal parameters are identical except for the compensation-crystal temperature. Here, the compensation-
crystal temperature was shifted by∆Tcomp = 140 mK from the degeneracy point shown in Fig. 2.40. This
temperature difference corresponds to a relative phase shift of∆Φ ≈ c/2 (see Fig. 2.42a). a, Theoreti-
cal model (Eq. 2.5.3) for a bandpass filter bandwidth of 1 nm ( ) and 10 nm ( ). b, Simulation of the
signal ( ), idler ( ) and pump ( ) photodiode signal. c, The measured ( ) shape of the Hong-Ou-
Mandel dip closely resembles the theoretical expecation. Of course, the visibility is lower than in a due to
the imperfections of the HOM inteferometer. d, Measured signal ( ), idler ( ), and pump ( ) cav-
ity transmission functions. The relative detunings of the resonance frequencies of the different fields are
in good agreement with the simulation (b). Fig. 2.44 shows the measurement results for ∆Φ ≈ c and
∆Φ ≈ 0.8 × 2c.
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Figure 2.44 | Temperature-dependence of the central HOM dip. Hong-Ou-Mandel dip in the case of a compensation-
crystal temperature difference of∆Tcomp = 290 mK (figures a - d) and∆Tcomp = 490 mK (figures e-h).
The arrangement of both groups of plots is identical to Figs. 2.40 and 2.43.
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the theory presented in this thesis, the shape of the HOM dip can be attributed
solely to the values of the relative phase ∆Φ and the effective reflectivity @̄. The
spectral distinguishability of signal and idler fields for ∆)comp , 0 plays a minor
role as it only limits the visibility of the observed patterns.

We virtually do not require any free parameter to obtain a good agreement
between simulations and experimental data (except for the visibility). This is a
remarkable result given the complex structure (Eq. 2.5.6) of the joint spectral
amplitude.

2.5.4 | Hong-Ou-Mandel effect with single-mode spectral filtering

The Hong-Ou-Mandel dip for the spectrally multi-mode signal and idler fields
offers a rich structure. However, the attainable visibility of the HOM dip is
limited for a triply-resonant linear cavity without further spectral filtering. In
this section, we present the Hong-Ou-Mandel effect with single-mode spectral
filtering.

Coherence length with and without spectral filtering. Without external spectral filtering,
signal and idler photon wave-packets are localized in narrow time slots during
which they can exit the cavity. The temporal width of these time slots is given
by the width of the HOM dip (∆gHOM ≈ 5 ps). This time delay can easily be
compensated by a translation stage since the coherence length is on the order
of ∆:coherence = 2 · ∆gHOM ≈ 1.5 mm.

If only the central mode of the signal and idler frequency comb is spectrally
isolated, the spectral bandwidth width of signal and idler photons is on the
order of the cavity decay rate Γs/i (see Eq. 1.3.46). For the two-crystal cavity,
Γs/i = 2c · 120 MHz. This corresponds to a coherence time173 of Bcoherence =
2/Γs/i = 2.7 ns and a coherence length of ∆:coherence = 2 · Bcoherence = 0.8 m.
Therefore, a very long translation stage (or an alternative method to introduce
a variable time delay between signal and idler photons) would be required to
fully sample the HOM dip.

Experimental setup: spectral selectivity. To overcome this experimental challenge,
we employ a polarization-based Hong-Ou-Mandel interferometer. Fig. 2.45a
shows the experimental configuration: To isolate the central spectral mode
of the signal and idler frequency combs, we use the cascaded filter system
discussed in section 2.1.3. The cavity resonance of each of the two monolithic
filter cavities is tuned to the master-laser frequency. Thus, only the central,
degenerate spectral mode of the signal and idler fields is transmitted through
the filtering system.
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Figure 2.45 | Hong-Ou-Mandel effect with the filtered two-crystal photon-pair source. a, The two-crystal cavity is
locked to a resonance of the pump beam. The master laser is locked to a hyperfine transition of the ce-
sium D1-line. A 1 nm bandpass filter blocks the background fluorescence. The resonance frequency of the
cascaded filter system (see Fig. 2.10) is also tuned to same hyperfine transition. Therefore, only signal and
idler photons generated into the central, degenerate mode of the frequency comb are transmitted by the
filtering system. Subsequently, the photons are guided to a polarization-based126 Hong-Ou-Mandel inter-
ferometer. By rotating the half-wave plate (HWP) in front of the polarizing beam splitter, the degree of
indistinguishability in the polarization of signal and idler photons can be adjusted. b, Start-Stop time-
delay histograms measured for \ = 0° ( ), \ ≈ 10° ( ) and \ = 22.5° ( ). The pump-power is
10 mW and the acquisition time is 150 s for the histogram. c, Coincidence rate measured ( ) without back-
ground subtraction and with a coincidence window of 30 ns. A fit ( ), results in a visibility of 91(3) %. If we
subtract the background caused by uncorrelated photons and detector dark counts, we obtain a visibility
of 94(3) %. Figure replicated from Ref. [205].

About 2.5% of the signal and idler photons are generated into the central
spectral mode. All other photons are emitted into the other spectral modes of the
frequency combs. The cascaded filtering system nearly completely suppresses
these non-degenerate modes: After spectral filtering, approximately 99.6%
of the transmitted photons originate from the central mode. Therefore, the
probability to detect two photons from a photon pair which does not originate
from the central mode is negligible.

Polarization-based Hong-Ou-Mandel interferometer. Due to this narrow spectral filter-
ing, signal and idler photons can no longer be distinguished by the time delay
with which they exit the cavity. Since both signal and idler photons are coupled
to a single-mode fiber after spectral filtering, their spatial mode is indistinguish-
able. Therefore, the polarization of the photons is the only distinguishing degree
of freedom.
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We measure the Hong-Ou-Mandel effect with a polarization-based HOM inter-
ferometer.126 While a conventional HOM interferometer uses the two spatial
input ports of a non-polarizing beam splitter, the polarization based HOM
interferometer uses a single input port of a polarization beam splitter. After
spectral filtering, we rotate the polarization direction of signal and idler photons
with a half-wave plate and then direct the photons to this polarization beam
splitter.

Without the half-wave plate, signal and idler photons are deterministically split
at the PBS. But, for a HWP angle of 22.5°, the polarization direction of signal
and idler photons is oriented under 45° and −45° with respect to the PBS,
respectively. With this input polarization angle, signal and idler photons can no
longer be distinguished by their polarization at the PBS. Thus, we observe the
Hong-Ou-Mandel effect as a strong reduction of the coincidence rate between
detection events recorded with the two APDs behind the output ports of the
PBS. Upon rotation of the HWP, we observe a cos2-shaped oscillation of the
coincidence rate.

Experimental results. Figs. 2.45b and 2.45c show the start-stop time-delay his-
togram and the coincidence rate as a function of the HWP angle \. For each data
point, the integration time is 150 s. For \ = 0° (distinguishable photons) and
a pump power of 10mW, we detect the maximum coincidence rate of 200Hz
(without correction for the APD detection efficiency) within the coincidence
window of 30 ns. For \ = 22.5° (indistinguishable photons), the coincidence
rate drops to 9Hz.

Visibility. The corresponding HOM visibility is 91(3)%. Detector dark counts
and uncorrelated photons generated, e.g. generated by fluorescence, contribute
to a background coincidence rate of 4Hz. With this background rate subtracted,
we measure a HOM visibility of 94(3)%. The measured visibility is substantially
higher than for the conventional HOM interferometer discussed in the previous
section. The main advantage of the polarization-based HOM interferometer is
that the spatial modes of signal and idler field are identical at the beam splitter.
For a conventional HOM interferometer (Fig. 2.39), alignment of the spatial
modes at the HOM beam splitter is necessary. The high visibility reported here
also emphasises the polarization-independent operation of the monolithic filter
cavities (see Fig. 2.3).

Experimental limitations. But, the visibility is still limited by imperfections of the
setup: The polarization-maintaining single-mode fibers preserve only the po-
larization of either signal or idler photons. Therefore, a degradation of the
polarization of at least one field can be expected.



2.5 Hong-Ou-Mandel effect – photon indistinguishability | 201

Furthermore, the polarization beam splitter extinction ratio is optimized only
for the transmitted beam. The ratio of the transmission of p-polarized photons
to transmission of s-polarized photons is )p/)s = 1000, while for the reflected
beam, 'p/'s ≈ 50(20). This limits the maximum achievable visibility of the
HOM interferometer to ≈98.5%.

Finally, we suspect that signal and idler photons exit the cavity with a partial
elliptical polarization. We attribute this ellipticity, which limits the attainable
HOM visibility, to several factors: On the one hand, the orientation of the
crystals’ front facets is not perfectly orthogonal to the optical axis such that
signal and idler fields are partially mixed due to the spatial walk-off. This
corresponds to a configuration where a wave-plate is inserted into a cavity-
enhanced photon-pair source to mix signal and idler fields.53,299 On the other
hand, stress-induced birefringence, e.g. inside the outcoupling mirror or the
subsequent optical elements, degrades the polarization state of signal and idler
photons.

Discussion. For \ = 22.5°, the output state of the polarization-based Hong-Ou-
Mandel interferometer is the NOON-state:142

|2002〉 = |2〉1 |0〉2 + 47q |0〉1 |2〉2 , (2.5.9)

where the labels 1 and 2 indicate the two output ports of the polarizing beam
splitter. The phase shifts for the s- and p-polarization of the dielectric coating of
the PBS determines the phase q.

The absolute frequency of the (degenerate) signal and idler photons can be tuned
by adjusting the master-laser frequency und optimizing the temperatures and
orientations of the crystals inside the cavity. In the above-described experiments,
we lock the master laser to an atomic frequency standard. But, in principle, we
could lock the master-laser frequency to a resonance of an additional monolithic
Fabry-Pérot cavity. We can set the resonance frequency of this locking cavity to
any value by temperature tuning. As we discuss in Fig. 2.6, we can stabilize the
cavity resonance frequency with a residual drift of less than 5MHz over a time
span of many hours. This frequency deviation is much smaller than the line
width of the cavity-enhanced photon-pair source and, thus, should not affect
the performance of the photon-pair source negatively for typical applications.

Therefore, with the setup discussed in this section, it is possible to generate a
two-photon NOON-state comprised of indistinguishable photons at an arbitrary
wavelength. The properties of the photons of a pair are defined in all degrees of
freedom: The absolute frequency, the temporal shape of the wave-packet and,
thus, the bandwidth are given by the down-conversion process and the filter
cavities. The spatial mode is determined by the single-mode fiber after the last
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filter cavity. Finally, the polarization is set by the orientation of the polarizing
beam splitter.

The two-photon state given by Eq. 2.5.9 can only be verified by post-selection of
coincidence events. Due to losses, (e.g. in the filtering system), there is also an
admixture of single-photon events for which the corresponding second photon
of the pair is missing. Additionally, multi-pair events also degrade the fidelity of
the NOON state.

In the following, we will present modified version of the experiment discussed
in this section. Instead of the two-crystal cavity, we use the single-crystal
configuration. The single-crystal configuration enables us to use a single filtering
crystal to obtain (near) single-frequency mode operation of the photon-pair
source.

2.5.5 | Single-mode operation of the single-crystal cavity

Fig. 2.46 presents the modified experimental setup for the single-mode operation
of the single-crystal cavity. The monolithic low-finesse filtering cavity FC2
(see section 2.1) selects the central, degenerate spectral mode of the central
cluster. The polarization-based HOM interferometer is identical to the previous
experiment with the two-crystal photon-pair source.

About 3.5% of signal and idler photons are generated into the central spectral
mode. Due to the low finesse of the filter cavity, the ratio of transmitted photons
originating from the central mode to photons originating from other modes
is moderately increased to 51% after the filter cavity. The remaining 49% of
the transmitted signal and idler photons still originate from the other spectral
modes or even from other clusters. But, these spurious photons contribute
significantly only to the uncorrelated coincidence events in the experiment: The
probability to detect both photons from a pair which does not originate from
the central mode is below 0.7%.

Single-crystal cavity Hong-Ou-Mandel dips: theory. The joint-spectral amplitude for a
single-crystal cavity is (see Eq. 2.5.4):

k
single crystal
cavity (ls,li) ∝ ksp(ls,li)Tp(ls + li)Ts(ls)Ti(li)>single crystalcavity (ls,li).

(2.5.10)
The single-crystal phase-balancing amplitude is (see Eq. 2.5.5):

>
single crystal
cavity (ls,li) = 1 + @̄47∆9qpm:. (2.5.11)
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Figure 2.46 | Hong-Ou-Mandel effect – filtered single-crystal cavity. The experimental setup is identical to Fig. 2.43
except for the photon-pair source and the spectral filtering system. Here, the single-crystal cavity is used.
In contrast to the Hong-Ou-Mandel experiment performed with the two-crystal cavity, only a single filter
cavity with a linewidth of Γ2 = 2c · 885 MHz is required to achieve (near) single spectral mode operation
of the photon-pair source.

Single-crystal Hong-Ou-Mandel dips without narrowband spectral filtering. Without fur-
ther narrowband filtering, we again observe the full comb of Hong-Ou-Mandel
dips (see Fig. 2.47b). Compared to the cavity with compensation crystal (see
Fig. 2.41), the visibility of the individual dips is lower. We attribute this re-
duction of the visibility to two main causes: On the one hand, signal and idler
photon generated inside a cavity without compensation crystal are spectrally
distinguishable (especially if the spectral mode clusters are not symmetric with
respect to the parametric gain envelope as shown in Figs. 2.19 and 2.24). On the
other and more importantly, due to the different cavity round-trip times, signal
and idler photons do not leave the cavity with equally spaced time delays. The
same phenomenon which leads to the splitting of the peaks of the signal-idler
correlation function into sub peaks (see Fig. 2.34) results in the broadening of
the individual HOM dips. The temporal distinguishability leads to a reduced
visibility.

Fig. 2.47c shows the shape of the individual dips for different combinations of
the parameters @̄ and ∆Φ. For the idealized case with an effective reflectivity
@̄ = 1 and a relative phase ∆Φ = 0, each dip has a width of about 40 ps. This
is comparable to the width of the substructure of each peak of the signal-idler
correlation function (see Fig. 2.36).

As for the photon-pair source with compensation crystal (Fig. 2.42), the shape
of the HOM dips depends on the relative phase ∆Φ and the effective reflectivity
@̄. In Fig. 2.47c we plot the shape of the central HOM dip for various parameter
combinations. In the ideal case (@̄ = 1 and ∆Φ = 0) we find a smooth, asymmet-
ric HOM dip. With a relative phase of ∆Φ = c we observe strong modulations
of the coincidence rate. Again, similar to the results discussed in section 2.5.3,
we find time delays g for which there is a preferred photon splitting instead of
photon bunching due to the interference of the three interacting fields inside
the cavity. These interference effects have a smaller visibility for smaller values
of @̄. But, we find a (less pronounced) modulation also for ∆Φ = 0 and @̄ < 1.
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Figure 2.47 | Hong-Ou-Mandel for a single-crystal cavity without narrowband spectral filtering. a, Experimental setup.
For the details refer to Figs. 2.39 and 2.40. b, In contrast to the cavity with compensation crystal, the
individual HOM dips have a reduced visibility due to the temporal distinguishability of signal and idler
photons. c, Detailed view of the central HOM dip. The complicated structure of the two-photon wave
packet (see Fig. 2.35) leads to a modulation of the HOM dip. The structure of the adjacent HOM dips is
identical to the one shown here. The visibility of the modulation is lower for r̄ = 1 than for lower values
of r̄ . For a relative phase∆Φ = c, partial photon anti-bunching (see Fig. 2.42d) can be observed. For all
simulations shown here, a 1 nm bandpass filter after the down-conversion cavity is assumed.
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Figure 2.48 | Hong-Ou-Mandel for a single-crystal cavity with narrowband spectral filtering. We plot the coincidence
rate (Eq. 2.5.3) without spectral filtering ( ), with a single filter cavity (finesse F = 10 ( ), finesse
F = 30 ( ) and a free spectral range of 28 GHz). For comparison, we also show the HOM dip for a
single-crystal cavity filtered with two cascaded filter cavities ( ). For the cascaded filtering system, the
free spectral ranges are 28 GHz and 35 GHz, and the finesse is F1/2 = 30. The inset is a zoom into the
center of the three curves with narrowband filtering. With a single F = 10 cavity, we find a visibility of
84 %. For F = 30, the visibility is 93.7 %. With two cascaded filter cavities, true single-mode operation
can be achieved (see Fig. 2.38b). Therefore, we obtain a visibility of 99.9 %.

Single-mode spectral filtering. Spectral filtering with a single cavity modifies the
joint spectral amplitude (see Eqs. 1.1.84 and 2.4.20):

k
single crystal
cavity, filtered(ls,li) = ksingle crystal

cavity (ls,li)
× B1sB1iB2sB2iBsp,sBsp,iT filter

s (ls)T filter
i (li),

(2.5.12)

where B1/2,A/7 are the transmission amplitudes of the filter-cavity mirrors for the
signal/idler polarization and Bsp, s/i are the signal/idler single-pass transmission
amplitudes of the cavity substrate.

In Fig. 2.48 we simulate the coincidence rate 'coin(g) (Eq. 2.5.3) for the filtered
joint spectral density (Eqs. 2.5.10 and 2.5.12). The plot compares the unfiltered
HOM effect (see also Fig. 2.47) with single-cavity filtering to that with cascaded
cavity filtering.

Even with a low-finesse cavity (F = 10), there is a strong increase in visibility
of the Hong-Ou-Mandel effect from 35% (unfiltered) to 84% (filtered). For this
moderate spectral filtering, we still observe the revivals of the central HOM dip.
For the filter cavity (F = 30) which was used in the experiment (Fig. 2.46), we
can no longer detect the revivals and the HOM dip approaches the single-mode
regime given by Eq. 2.5.8. But, the visibility with a single filtering cavity is
still limited to 94%. The ragged nature of the plots shown in Fig. 2.48 can be
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attributed to an aliasing effect due to the limited number of plot points. The
inset in Fig. 2.48 shows that all curves are smooth with small-scale oscillations
on top of the envelope.

Fig. 2.48 also shows the HOM dip for a cascaded filtering system with two
cavities with finesse of F1/2 = 30. From Fig. 2.38b, we can conclude that
with this cascaded filtering system, a single-mode regime has been reached.
Therefore, we obtain a visibility of the HOM dip of 99.9%. With a single
high-finesse (F = 100) filter cavity, we reach a visibility of just 98.6%. As
discussed in section 2.4.7, these values highlight the advantage of cascaded
filtering cavities over single-stage filtering with respect to the mode cleaning.

Experimental results. Figs. 2.49b and 2.49c show the start-stop time-delay his-
togram and the coincidence rate as a function of the HWP angle \. For each
data point, we choose an integration time of 10 s. For \ = 0° and a pump power
of about 20mW, we detect the maximum coincidence rate of 23 kHz (without
correction for the APD detection efficiency) within the coincidence window of
30 ns. For \ = 22.5° (indistinguishable photons), the coincidence rate drops
below 2 kHz.

As expected, due to the less extensive spectral selectivity of the single filtering
stage, the measured visibility of 84(2)% lies below the value observed in the
case of the two-crystal cavity. If we correct the data for the uncorrelated
background events, we obtain a visibility of 96(4)%. Note that this background
subtraction is purely theoretical as the background of uncorrelated photons
generated inside the nonlinear crystal cannot be eliminated except by further
(single-mode) spectral filtering.

The measured visibility (84(2)%) deviates from the theoretical value 94 % (see
Fig. 2.48). The deficiencies of the HOM interferometer discussed in section 2.5.4
also apply here. Additionally, in Fig. 2.49c, there are larger deviations from the
ideal cos2 shape than we would expect from shot noise due to photon counting.
The relatively strong deviations, especially at the maxima of the curve, indicate
a misalignment of the center of the half-wave plate with respect to the optical
axis of the beam behind the filter cavity. This misalignment causes a degradation
of the polarization state behind the half-wave plate which results in a lower
visibility of the HOM dip.

As expected for a single filtering stage, the visibility is lower than for the
two-crystal cavity with the cascaded filtering system (Fig. 2.45). The main
advantage of this single-stage filtering is the brightness of the photon-pair
source: Compared to the two-crystal configuration with the cascaded filtering
system discussed in section 2.5.4, the coincidence rate (at the same pump
power) is increased by a factor of 5. This increase can be rationalized as follows:
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Figure 2.49 | Hong-Ou-Mandel effect – filtered single-crystal cavity. a,Experimental setup. For details see Fig. 2.46.
b, Start-Stop time-delay histograms measured for \ = 0° ( ), \ ≈ 10° ( ) and \ = 22.5° ( ). The
pump-power is 20 mW and the acquisition time is 10 s for each histogram. c, Coincidence rate measured
( ) without background subtraction and with a coincidence window of 30 ns. A fit ( ) results in a visibility
of 84(2) %. If the background signal caused by uncorrelated background events and detector dark counts
is subtracted we obtain a visibility of 96(4) %. Figure replicated from Ref. [138] and extended.

On the one hand, the rate at which photons are generated into the central
mode is larger for the single-crystal source (see table 1.1). On the other hand,
the transmission of the additional high-finesse filter cavity FC1, used for the
single-mode operation of the two-crystal cavity, is below 35%.

In the following section, we use the same photon-pair source with single-stage
filtering to generate polarization-entangled photons.

2.5.6 | Generation of polarization-entangled photons

In 2002, Kuklewicz and coworkers118 proposed the usage of cavity-enhanced
SPDC as a high-flux source of polarization-entangled photon-pairs. If we spec-
trally select the central, degenerate mode of a type-II cavity-enhanced down-
conversion source, the two photons from a pair are indistinguishable in all
degrees of freedom except for their polarization (see Fig. 2.49). With a minor
modification of the experimental, we can exploit this indistinguishability to
project signal and idler photons into polarization-entangled two-photon state
by post-selection.
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Probabilistic beam splitting and post selection. In the experimental setup depicted
in Fig. 2.49a, we replace the polarizing beam splitter (BS) by a 50/50 non-
polarizing beam splitter. This beam splitter probabilistically directs the signal
and idler photons to either output port. With a probability of 50%, signal and
idler photons from a pair exit BS at different output ports. In this case where
the two photons split, we do not have any which way information about which
photon exit the BS at the first and the second output port, respectively: The
signal and idler photons are indistinguishable in all degrees of freedom except
for their polarization.

If we record only those events where there is a photon at either output port of
the BS, we project the photons into a polarization-entangled two-photon Bell
state: ��k〉

= |�〉1 |+〉2 + 47q |+〉1 |�〉2 , (2.5.13)

where the dielectric coating of the beam splitter determines the phase q and
the indices 1 and 2 indicate the two output ports of the beam splitter.

Experimental verification. In the following we present an experimental verification
that the two photon are entangled by measuring the Bell-state fidelity of the post-
selected two-photon state. Fig. 2.50a shows the experimental setup: We use the
same setup as in Fig. 2.49 to generate (near) single-mode, degenerate photons
with a single-crystal cavity and single-stage narrowband spectral filtering. After
probabilistic splitting of the photons at the non-polarizing 50/50 beam splitter,
we collect the photons into single-mode polarization-maintaining fibers. In each
arm, we use a set of quarter-wave and half-wave plates followed by a linear
polarizer to measure the Bell-state fidelity of the generated two-photon state.
By rotating the wave-plates with respect to the input polarization axes, we
measure coincidence rates between the two single-photon detectors in different
polarization bases.

Dietz and Müller present details of this measurement scheme in Ref. [301] and
Ref. [300]. An analog characterization of a down-conversion-based entangled
photon-pair source has been published in Ref. [292].

Fig. 2.50b shows the experimental results. The rotation angles of the quarter-
wave plates determine the measurement basis. For each basis, the coincidence
rate at the detectors is measured as a function of the rotation angle of the
half-wave plate in the upper arm. We then infer the Bell-state fidelity by
computing the visibility of these oscillations measured in each basis.300,301 The
measurement was performed and data kindly provided by Chris Müller
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Figure 2.50 | Entanglement verification by measuring the Bell-state fidelity. a, We generate photon pairs with the
single-crystal cavity with single-stage narrowband filtering identical to Fig. 2.49. A polarization-entangled
two-photon state is generated by post-selection of split photon pairs after the non-polarizing beam split-
ter (BS). After splitting, the photons are collected into single-mode polarization-maintaining fibers. With
quarter-wave (QWP) and half-wave (HWP) plates, linear polarizers (LIN) and two avalanche photodiodes,
we measure the Bell-state fidelity292,300 of the generated two-photon state. b, The combination of the
QWP rotation angles and the angle of the HWP in the lower arm determines the measurement basis (H
horizontal, V vertical, D diagonal, A anti-diagonal, R right circular, L left circular). We measure the visibil-
ity of the coincidence rate in each basis by rotating the half-wave plate in the upper arm. Measurement
performed and data kindly provided by Chris Müller.
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Measured Bell-state fidelity. Since, with a single low-finesse filter cavity, we do
not observe perfect Hong-Ou-Mandel interference (see Fig. 2.49). Therefore,
we expect the visibility of measured oscillations to be on the same order of
magnitude as the HOM visibility. Indeed, we measure visibilities in range of
73% to 89% with maximum detected coincidence rates of up to 350Hz at a
pump power of 15mW. These values result in an estimated Bell-state fidelity
of 85(4)%.

Discussion. The remaining spectral distinguishability of signal and idler photon
after the single-stage filtering directly affects the Bell-state fidelity.302 Therefore,
to improve upon the measured Bell-state fidelity, we need to increase Hong-
Ou-Mandel visibility. Here, the same experimental limitations of the spectral
filtering and the degradation of the polarization of signal and idler photons
apply as discussed in sections 2.5.4 and 2.5.5.

With a two-stage spectral filtering and improved polarization optics a Bell-state
visibility well above 95% should be easily attainable. With an optimized setup,
a detected rate of polarization-entangled photons in the range of 100Hz per
mW of pump power is within reach. While this value certainly cannot compete
with other state-of-the-art sources of entangled photons,303,304 it is on the
same order of magnitude as other atom-resonant entangled cavity-enhanced
down-conversion sources107,127,142,151



3 Heralded wave packet manipulation and storage
of a frequency-converted pair photon at telecom
wavelength

This chapter is a revised and extended version of the article published as
Ref. [283].

Contributions. The frequency-conversion setup presented in this article was origi-
nally planned and set up by Benjamin Sprenger and reinstalled and operated by
Tim Kroh. The single-crystal down-conversion cavity developed for this thesis
and discussed in chapter 2 was used as a heralded single-photon source for all
experiments presented in this chapter. All authors of the original manuscript
planned the experiments and discussed the results. Tim Kroh wrote the original
manuscript with detailed contributions from the other authors. The author of
this thesis analyzed the data and prepared the figures. Tim Kroh and the author
of this thesis contributed equally to the experiments presented in this chapter.

Changes and additions. In contrast to the original manuscript, in this chapter,
certain passages (e.g. the description of the photon-pair source) were omitted
to avoid the repetition of topics already discussed in other chapters. Furthermore,
some sections of the original manuscript were adjusted (e.g. Fig. 3.6) for better
readability and adopted to account for the new findings discussed in this thesis.
Other parts (e.g. Fig. 3.4 and the accompanying discussion) were either added
to relate to the findings of section 2.4 or extended to account for recent results
published in the literature. The figures of the original manuscript were optimized
for better readability.

Overview. Future optical quantum networks could be based on a hybrid platform
of dissimilar quantum systems. Within such a platform, joint quantum states
have to be mediated either by single photons, photon pairs or entangled photon
pairs. The photon wavelength has to lie within the telecommunication band
to enable long-distance fiber transmission. In addition, the temporal shape of
the photons needs to be tailored to efficiently match the involved quantum
systems. Altogether, this requires the efficient coherent wavelength-conversion
of arbitrarily shaped single-photon wave packets.
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In this chapter, we demonstrate the wavelength-conversion of heralded single
photons generated by cavity-enhanced SPDC and verify the conservation of
the temporal wave packets upon conversion. Subsequently, we present the
heralded temporal modulation of single-photon wave packets as well as the
synchronization of state manipulation and detection. This experiment illustrates
that our setup meets common requirements for quantum networks. In a third
experiment, we delay a heralded single photon by 45µs in a fiber spool. We
implement all three experiments using commercial telecommunication fiber-
optical components which will permit the transition of quantum networks from
the lab to real-world application. By combination of the technologies discussed in
this chapter, the storage and temporal shaping of single photons in a switchable
fiber-loop becomes feasible.

3.1 | Introduction

In this chapter, we propose the implementation of an optical quantum network
possessing the following four main properties in reference to David DiVincenzo’s
criteria305 for quantum computing:

1. Bright sources of indistinguishable and pure single photons and photon
pairs which are standardized in frequency.

2. Quantum frequency conversion of single photons to the telecom band for
long-distance transmission of quantum states.

3. Tailoring of the temporal envelope of the photons to optimize their shape
for absorption and interaction processes in stationary quantum systems.

4. Storage of quantum states in quantum memories.

Photon-pair states will play a major role in long-distance quantum networks
as transmitters of heralded quantum information and as carriers of entangle-
ment between remote nodes.67,93,94 Many current high-quality sources provide
indistinguishable single photons,102,126,138,260,306–311 and sources of entangled
photons121,312–314 already exist in the near-infrared region.

Requirements on photonic states. However, these photons have to be synchronized315
and matched with respect to their specific task in the network. For example,
the transmission of photons over long distances in optical fibers requires single
photons with wavelengths in the telecommunications band to reduce absorption
losses to a minimum.316 Additionally, short-range sections of a network, which
perform operations on the quantum states, depend upon shared frequency
standards. They are, for example, based on transitions in rubidium53,317–320
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or cesium (Cs)65,128,143,205,321 vapor cells to ensure indistinguishability among
photons generated by different sources.

The generation of non-degenerate pairs of photons at an atomic transition and in
the telecom band has been proposed322 and implemented.133,145,146,149,155,273,292
But, quantum communication applications ultimately require323,324 determinis-
tically generated single photons213,236,325 and photon pairs,326,327 e.g. to grant
unconditional security.328–330 If the single-photon sources are based on sponta-
neous processes (e.g. SPDC or spontaneous four-wave mixing), unconditional
security is prohibited by the non-vanishing probability of multi-photon-pair
generation.236,331,332

Quantum frequency conversion. Fig. 3.1 presents the basic principle of the exper-
iments discussed in this chapter. Single photons are superimposed with a
high-power classical laser beam inside a waveguide with a strong j(2) nonlin-
earity. By difference frequency generation, the energy of a pump photon is
subtracted from the single photon. The converted photon exits the waveguide
with a wavelength in the telecom range at about 1550nm. The theory of quan-
tum frequency is well established in the literature333,334 and will be presented
elsewhere by Tim Kroh and Chris Müller in detail.

Coherent quantum frequency conversion333 in nonlinear crystals is a well-estab-
lished and highly efficient tool to convert photons to the telecom band while
preserving important parameters, for example the photon statistics, indistin-
guishability,159,338–343 as well as entanglement.344–348 Also, previous studies
demonstrated quantum correlations between atomic ensembles (as an example
for a stationary node in a network) and frequency-converted photons in the
telecom band.342,349

Wave-packet shaping. Besides the frequency, the polarization and the spatio-
temporal wave packet of the photons also have to be matched to optimize
the storage efficiency in a quantum memory.350–352 Proposals exist that facili-
tate full control over the converted photons’ waveform by spectral,353 electro-
optic354 and fast temporal355,356 modulation of the pump light. So far, only few
studies357–360 exploit nonlinear processes to control and modify single-photon
wave packets to improve photon indistinguishability.

Quantum memories. Finally, photon storage is crucial to synchronize the op-
eration of quantum logic gates,172 error correction,361–363 or entanglement
distillation.24,364,365 Promising photon storage techniques which utilize neutral
atoms or ions as quantum memories require that the involved photons are in
resonance with atomic transitions.366–368 Optical fibers allow for simple real-
ization of broadband, low-loss delay lines and storage devices for photons at
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Figure 3.1 | Quantum frequency conversion. a, Artistic representation of the process of quantum frequency
conversion333,335 (not to scale): An input photon at frequency lin is superimposed with a strong classi-
cal pump laser at frequencylpump. The two fields are coupled into a waveguide which guides only a single
mode spatial at the pump wavelength.336 For the input and the output photon wavelength, the waveguide
is spatially multi mode. The spatial mode of the input field needs to be matched to the fundamental mode
of the waveguide for maximum conversion efficiency. The waveguide is fabricated of a periodically poled
nonlinear material and is phase-matched for the desired process. The strong confinement of the fields
inside the waveguide enhances thej(2)-nonlinearity which is utilized for difference frequency generation.
b, The energy }lpump of a pump photon is subtracted from the input photon. After frequency conversion,
the output photon has the energy}lout = }lin−}lpump. Quantum frequency conversion is a coherent
process.337



3.1 Introduction | 215

telecom wavelengths. A simple photon storage device could be built with a
fiber loop combined with a fast-switching electro-optic modulator to inject and
retrieve the photons at discrete times.369–372

Storage time-efficiency product. To compare different types of quantum memories,
the product of storage time Bstorage and retrieval efficiency [retrieval represents a
common figure of merit.373 In a delay loop, the storage time is defined by the
speed of light in the fiber 2fiber and its length !. This would promise arbitrarily
long storage times if the non-zero photon absorption in the fiber did not fun-
damentally limit the transmission due to losses. The global maximum of the
time-efficiency product is found at

)storage · [retrieval = 90 µs · 37 %, (3.1.1)

for a fiber length of 18.9 km and an absorption coefficient of 0.23 dB/km.

In ultra-cold atomic vapors, storage times of 68ms and retrieval efficiencies
of up to 4% have been achieved.374 Other publications report storage-time
retrieval-efficiency products of e.g. 3 ms · 78 %375 or 1 ms · 87 %373 with ultra-
cold atoms.

However, for easily maintainable long-distance networks, simpler solutions,
preferably at room temperature, are needed. Similar376–378 atomic vapor ex-
periments at room temperature only yield up to 1.5 µs · 13 %.164 Hence, a fiber
loop would perform by an order of magnitude better than quantum memories
based on neutral atoms at room temperature when comparing the storage-time
retrieval-efficiency product. Recently, Katz and Firstenberg379 reported a stor-
age lifetime of 150ms of classical pulses in room temperature cesium vapor
with an internal storage efficiency of 10%. But, room-temperature storage of
non-classical photonic states on such time scales has not yet been achieved.

Heralded frequency conversion. In this chapter, we approach the implementation
of long-distance quantum networks by addressing requirements 2.– 4. that
were mentioned in the introduction. We demonstrate the coherent frequency
conversion of heralded single photons, initially matched to the cesium D1 tran-
sition at 894 nm, to the telecom band at 1557nm. In other studies, the tem-
poral envelope was shaped by modulation of the pump field during frequency
conversion,358–360 or photons from an atomic ensemble were electro-optically
modulated directly after emission.380 Here, after frequency conversion to the
telecom band, the wave packet of an heralded single photon is modulated with
a fast amplitude modulator.
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Wave packet modulation and storage. We employ commercial telecom equipment to
show heralded shaping of the complex comb-like temporal wave packet of the
converted photon at the timescale of a nanosecond. In the last experiment, a
frequency-converted photon in the telecom band is further delayed in an optical
fiber for 45µs. The different experiments discussed in this chapter represent key
steps towards the realization of synchronized quantum networks. Our approach
could then be combined with a fiber-loop photon-storage scheme to create a sim-
ple quantum memory consisting of commercially available telecommunication
components.

3.2 | Methods

In the following, we present themethods used in the three experiments discussed
in this chapter. We introduce the experimental setup of the frequency conversion
system in detail. The quantum frequency conversion efficiency as well as the
contributing loss factors are discussed. Finally, we quantify the signal-to-noise
rate of the measured converted single photons.

3.2.1 | Photon-pair source

All experiments discussed in this chapter utilize the same photon-pair source
based on cavity-enhanced SPDC. In principle, any other heralded single-photon
source emitting at 894 nm could have been used for the experiments presented
here. But, the cavity-enhanced source offers some key advantages: Due to the
cavity-enhancement, a high heralding rate can be achieved, giving rise to a
high signal-to-noise ratio, even for experiments with high losses. Additionally,
the width of the spectrum of the generated photons coincides with the phase-
matching bandwidth of the frequency-conversion waveguide. Finally, the comb-
like signal-idler correlation function offers interesting temporal properties as it
features narrow temporal peaks as well as a moderately long exponential decay
constant.

Single-crystal cavity. The single-crystal cavity as presented in section 2.3.1 was
used at a pump power of ∼20mW which corresponds to a generation rate of
' ≈ 8 · 106 biphotons/s (see table 1.1). This generation rate is divided amongst
several spectral modes within the two clusters (see section 2.3.2). The signal-
idler second-order correlation function, as discussed in section 2.4.6, plays a
fundamental role in this chapter as all experiments discussed here rely on the
measurement of �(2)s/i (g).
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Figure 3.2 | Coherent quantum frequency-conversion setup. Setup for the coherent frequency conversion of single
photons. Single photons at 894 nm are collected into a polarization-maintaining fiber (PMF). The polar-
ization can be rotated by a half-wave plate (HWP) to align the photon polarization with the crystal axis
for optimum conversion efficiency. Single photons and pump laser light at 2.1 µm are superimposed by
a dichroic mirror (DM) and focussed into the conversion waveguide (WG) with lens L1. The WG is anti-
reflection (AR) coated for all three involved wavelengths. The frequency-converted photons are coupled
into a single-mode fiber (SMF) by lens L2 (1550 nm AR coating) after leaving the WG. Remaining pump laser
light and unconverted photons at 894 nm are suppressed by a sequence of spectral filters: two dichroic mir-
rors which act as a 1800 nm shortpass (SP), a 25 nm dielectric bandpass (BP) centered at 1550 nm, and a
3.5 nm fiber Bragg grating (FBG) at 1557 nm connected to a fiber circulator (CIRC). The conversion efficiency
is defined as the ratio of photon flux directly after the input fiber Φin to the photon flux Φout directly af-
ter the FBG. For this setup, a total conversion efficiency of 13(2) % was measured. The internal conversion
efficiency was estimated to be 70 %.

The master laser is locked to a hyperfine transition of the cesium D1-line and
the cavity of the photon-pair source is locked via the microcontroller (see
section 2.2.2). This allows for arbitrary long integration times for all measure-
ments.

3.2.2 | Coherent quantum frequency-conversion setup

Single photons with a wavelength in the vicinity of the cesium D1 transition
at 894 nm are converted to a telecommunication wavelength in the C-band by
generating the difference frequencies at 1557nm and at the pump wavelength
of 2100nm. We used a strong (∼300 mW) continuous-wave laser at 2100nm
as pump (see Fig. 3.2).

Experimental setup. The conversion takes place in a j(2) nonlinear 7mol% ZnO-
doped lithium niobate waveguide (NTT electronics) with dimensions 10 µm ×
10 µm × 48 mm. The waveguide is placed on top of a lithium tantalate sub-
strate.338,339,381 A continuous-wave GaSb-based semiconductor disk laser, devel-
oped by the Fraunhofer Institute for applied Solid State Physics,382 generates
the pump light at 2100nm. The pump laser has a linewidth below 100 kHz and
an optical power of up to 300mW in front of the waveguide coupling lens L1
(see Fig. 3.2).
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Conversion efficiency. We define the overall efficiency of our quantum frequency
conversion (QFC) setup [QFC as in Ref. [339] to be:

[QFC =
Φout

Φin
. (3.2.1)

Here, Φin is the 894nm photon flux (in terms of photons per second) directly
after the front facet of the input fiber. Φout is the flux of wavelength-converted
1557nm photons in the output fiber after all filtering steps (see Fig. 3.2). The
maximum efficiency achieved in our setup is [QFC = 13.1(2)%. This value is
determined by five contributing factors:

[QFC ≈ [fs · [c · [int · [fib · [f. (3.2.2)

The free-space transmission [fs accounts for all losses from the input fiber up to
the waveguide coupling lens L1. The coupling efficiency of the input photons
into the waveguide is denoted by [c and the internal conversion efficiency in
the waveguide is defined by [int. The fiber coupling efficiency of the converted
photons [fib and the transmission through all spectral filters [f determine the
losses after the waveguide. In the following, we discuss these contributions in
detail.

Loss factors. The first of the aforementioned contributors is the transmission [fs
of 894 nm photons from the input fiber to lens L1, which couples the photons
into the conversion waveguide. We use a half-wave plate to optimize the photon
polarization direction to the phase-matching axis of the conversion crystal.
The losses by absorption or scattering between the fiber front facet and the
waveguide are below 2%. The use of highly reflective coatings for the input
photons on the dielectric mirrors and an anti-reflection coating for the half-wave
plate results in [fs > 98 %.

The second factor, [c ≈ 90 %, is the coupling efficiency of the 894nm photons
into the waveguide. We measure [c with a laser at 894 nm. We define the
ratio [2 = %out/%in by the laser power %in just before lens L1 and by the laser
power %out which is coupled into the waveguide mode and detected behind
the collimating lens L2. The spatial mode matching of the input field to the
waveguide mode determines the coupling efficiency: The mode matching is
mainly defined by the position of lens L1 with respect to the waveguide front
facet and the waveguide geometry.

Internal conversion efficiency. We also use a 894nm laser to measure the internal
conversion efficiency [int = 70 %. [int is inferred from the 894nm power deple-
tion after the waveguide when the pump laser is added.338 In the experiments
discussed in the chapter, the internal conversion efficiency has been limited
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by the available pump laser power of 300mW. We extrapolate the maximum
internal conversion efficiency for this waveguide to be [max

int = 79 % at a pump
power of 450mW.338

Fiber coupling efficiency. About [fib = 35 % of the converted 1557nm photons are
coupled into an optical single-mode fiber (SMF). The fiber-coupling efficiency is
currently limited by imperfect mode matching. In part, one could improve the
mode matching with a more advanced lens system in front of the output fiber.
But, in principle, the mode matching is limited by the fact that the waveguide
is not spatially single-mode at the wavelength of the converted photons. The
higher-order modes have a reduced overlap with the Gaussian mode of the
collecting fiber.

Spectral filtering. By spectral filtering, we separate the converted light from the
pump light, the remaining unconverted input photons at 894 nm, and suppress
spurious noise photons in the vicinity of 1557nm. Broadband noise photons
can be generated by the pump e.g. by fluorescence or Raman scattering inside
the waveguide.338,349 Additionally, noise photons could directly be generated
inside the laser and subsequently be transmitted through the waveguide.

The spectral filtering setup (see Fig. 3.2) consists of three stages. A dielec-
tric 50 nm bandpass filter centered at 1550nm (Edmund Optics, transmission
) > 97 %) suppresses 2.1µm pump light and unconverted 894nm photons.
In a second step, a set of two dielectric 1800nm longpass filters (Thorlabs,
DMLP1880T, used as dichroic mirrors) couples the converted single photons
at 1557nm with a reflectivity > 98 % per filter into the SMF. These mirrors,
thus, function as shortpass filters for the 1557nm photons. Further pump light
is transmitted (> 90 % per filter) and therefore spatially separated from the
converted light at the dichroic mirrors.

Finally, the converted photons are reflected at a fiber Bragg grating with a
bandwidth of 3.5 nm (Advanced Optics Solutions GmbH) which is spliced to
the second port of a fiber circulator (Thorlabs 6015-3-APC). The remaining
pump light and 894nm photons are transmitted by the Bragg grating. Only the
converted 1557nm photons leave the fiber circulator at the output port. We
have measured the overall filter transmission to be [f = 60 %.

Signal-to-noise ratio. At a pump power of 300mW, the rate of detected noise
photons is # < 5000 Hz. This rate was measured without any 894nm input
photons present and a detection efficiency of [det = 14 % of the superconducting
single-photon detector (SSPD, Scontel). Investigations with several additional
sets of spectral filters proved that the remaining noise photons are located within
the 3.5 nm stopband of the fiber Bragg grating.
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Altogether, with a pump power of 20mW for the cavity-enhanced photon-pair
source, we achieved a signal-to-noise ratio for the converted single photons of
up to

SNR = [QFC · [det · '/# = 33 (3.2.3)

in the experiments discussed in this chapter. The SNR is limited by the random
noise detections of rate # as well as by the maximum photon rate ' from the
photon-pair source before conversion. Reduction and increase of # and ', re-
spectively, could further improve the SNR. In practice, ' is usually bound by
the saturation of emission rates of single-photon emitters. In the experiments
discussed in this chapter, ' is limited by the effort to keep the multi-pair gen-
eration rate of the photon-pair source low. As will be discussed in section 3.4,
we reduced the noise rate # by nearly two orders of magnitude in subsequent
experiments without a reduction in conversion efficiency.

3.3 | Results

In this section, we present three experiments performed with the single-crystal
photon-pair source and the quantum frequency conversion setup. First, we
investigate whether the frequency conversion process has any influence on the
temporal wave packet of the heralded single photons. Specifically, we measure
the second-order signal-idler correlation function with and without frequency
conversion of the signal photons. Implicitly, we find that the influence of the
conversion on the single-photon wave packet is so small that it cannot be resolved
even with state-of-the-art superconducting single-photon detectors with very
low timing jitters.

In the second experiment, we demonstrate how to utilize commercial telecommu-
nication fiber-optical components to arbitrarily shape the temporal wave-packet
of the heralded single photons. We verify that the theory detailed in section 2.4
can describe the modulated single-photon wave packet, again, by measuring
the second-order signal-idler correlation function. We discuss the limits of the
experimental setup as well as its potential for future applications in quantum
networks.

Finally, we present a simple form of a quantum memory – the storage of the
heralded single photons in a long fiber spool. By analyzing the signal-idler
correlation function after storage of the signal photons in a 9.3 km long fiber, we
observe a broadening of the peaks in the correlation function due to chromatic
dispersion of the photon wave packet. Discussing other experimental factors
limiting the temporal resolution of this measurement, we also evaluate the
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technical potential of fiber-loop storage systems. These could be combined with
the fast amplitude modulation of single-photon wave packets in future quantum
communication applications.

3.3.1 | Conversion of the complex temporal wave packet of a photon from a photon pair

In the first experiment discussed in this chapter, we convert a heralded single
photon of the single-crystal cavity-enhanced photon-pair source discussed in
chapters 1 and 2. We verify that the temporal shape of the single-photon wave
packet is not altered by the conversion process. The experimental results are
presented in Fig. 3.3.

Experimental setup. The signal and idler photons generated inside the single-
crystal photon-pair source are split at a polarizing beam splitter. The second-
order signal-idler correlation function was measured with superconducting
single-photon detectors SSPD1 and SSPD2. The measurement results have
already been discussed in section 2.4. Fig. 3.3b shows the same data points and
the same fit function (Eq. 2.4.22) as Fig. 2.35.

Fig. 3.3c shows the measured signal-idler correlation function after conversion
of the signal photon. Here, the same fit function as in Fig. 3.3b is plotted
with identical parameters except for the overall amplitude. This demonstrates
the preservation of the wave packet upon quantum frequency conversion on
time-scales accessible with the measurement equipment.

Conservation of the spatio-temporal profile. The wave-packet preservation is a re-
markable, although expected,333,335,383 result. Under the following conditions,
in a frequency conversion process, only the central frequency of an electromag-
netic wave is changed while its spatio-temporal structure remains unchanged:

1. The phase-matching bandwidth of the nonlinear material is much broader
than the spectra of the involved electromagnetic waves.

2. The pump laser spectrum can be approximated as a delta-function.

3. The pump field is not varied in frequency, phase or amplitude in time.383,384

In our experiments, the latter two conditions are fulfilled by the continuous-
wave pump laser. It emits constantly at 2.1µm wavelength and its narrow
linewidth of < 100 kHz382 is very small compared to the spectral width of
the photon-pair spectrum of ∼100 GHz (< 0.3 nm, see section 2.3). The first
condition is only partially satisfied because the phase-matching bandwidth of
the nonlinear process in the waveguide of ∼0.3 nm is almost coinciding with
the spectral width of the photons.
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Figure 3.3 | Quantum frequency conversion of a photon from a photon pair. Measurement of the signal-idler second-
order correlation function of photon pairs generated by a single-crystal cavity-enhanced down-conversion
source with and without conversion. a, The signal photons of the photon-pair source are separated from the
orthogonally polarized idler photons at a polarizing beam splitter. The idler photons are directly detected
by the superconducting single-photon detector SSPD1. The signal photons are either detected directly with
SSPD2 or after conversion with SSPD3. b, Here, the same data ( ) and the same fit function ( ) as in
Fig. 2.35 is shown. c, Coincidence histogram ( ) recorded between idler photons and converted signal
photons. The fit from b is also plotted in c with identical parameters to demonstrate that the conversion
does not influence the shape of the wave signal/idler packets. Due to the high signal-to-noise ratio between
detected converted photons and detections of uncorrelated photons, no background correction has been
performed on both measurements shown here.
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a

b

Figure 3.4 | Broadening of the correlation function by frequency conversion. a, Zoom into the measured data ( ) with
the same fit function ( ) as shown in Fig. 3.3. The unconvoluted signal-idler correlation function calcu-
lated with Eqs. 2.4.9 and 2.4.21 is shown ( ). Signal and idler photons have been filtered by a 1 nm band-
pass filter. b, As a comparison, the unconvoluted correlation function ( ) after conversion is broadened.
This broadening is caused by the limited phase-matching bandwidth (∼0.3 nm) of the conversion process.
Due to the width of the instrument response function (∼90 ns), this broadening could not be resolved in
the experiments. The same fit function ( ) as in a (except for the global amplitude a in Eq. 2.4.22) is plot-
ted here. It still fits the data of the correlation function with converted signal photons ( ) with high fidelity.
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Spectral bandwidth of the conversion process. In principle, one can exploit the limited
spectral bandwidth of the conversion process to filter out redundant frequency
components during conversion.339 But, in our case, the slight suppression of
the shoulders of the parametric gain profile in the converted spectrum causes a
broadening of the temporal features in the correlations measurement (Fig. 3.3c).
Fig. 3.4 compares the unconvoluted correlation function before and after the
conversion process. The phase-matching bandwidth of ∼0.3 nm is modelled in
Eq. 2.4.22 as an additional spectral filter for the converted photons.

The comparison of the measured signal-idler correlation function shows that the
broadening caused by the finite phase-matching bandwidth is too small to be
resolved with the IRF of the detection system. In Fig. 3.4, the same fit function
with the same parameters (except for the global amplitude 0 in Eq. 2.4.22) is
plotted for both data sets. Within the measurement uncertainty, this fit function
is in good agreement with both data sets.

3.3.2 | Heralded shaping of a converted single-photon wave packet

Future quantum networks will, supposedly, require triggered events in successive
processes of qubit manipulations and basic shaping of the temporal profile of
photons. This shaping has already been demonstrated for heralded single
photons from the rubidium 85Rb D1 transition with an electro-optic modulator
at timescale of the lifetime of the atomic excited states of tens to hundreds of
nanoseconds.380 But, in telecom quantum networks, even faster processes will
be required to attain high data rates. Fiber-optical equipment for high-speed
modulation of light is already commercially available for various applications at
telecommunication wavelengths. The frequency conversion of photonic qubits
into the telecom band therefore comes with the advantage that this technology
can, in many cases, directly be used for experiments at the single-photon level.

In the following, we demonstrate this advantage by showing that we can arbitrar-
ily shape the complex wave packet of the converted signal photons with an off-
the-shelf fiber Mach-Zehnder modulator (MZM, Avanex SD20, see Fig. 3.5a).

Experimental setup. The signal and idler photons of a photon pair are separated
at a polarizing beam splitter and sent to different parts of the experiment. The
detection of an idler photon at SSPD1 triggers an arbitrary waveform generator
(Programmable Pulse Generator PPG 512, PicoQuant, 5 Gsamples/s) which
sends a voltage pattern to the MZM. The applied voltage defines the transmis-
sion of the MZM, continuously adjustable from full transmission to maximum
suppression of 21(2) dB. Arbitrary shaping of the outgoing wave packet is pos-
sible by means of partial transmission of the wave through the MZM within the
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Figure 3.5 | Heralded modulation of a frequency-converted photon. a, After separation of signal and idler photons
at the PBS, the signal photon is converted to the telecom band and subsequently transmitted to a fiber
Mach-Zehnder modulator (MZM). The detection of the idler photon at SSPD1 triggers the generation of
pulses of an arbitrary waveform generator (AWG). The AWG pulses control the transmission of the MZM
which shapes the converted signal-photon wave packet before it is detected at SSPD3 b, and c, Measured
signal-idler correlation function ( ) for two different modulating waveforms. The MZM transmission of a
frequency-converted continuous-wave laser was measured in both cases and fit with one and two Gaus-
sians, respectively ( ). These curves were normalized to the reference measurement ( ) of the signal-
idler correlation function which was measured with permanently transmitting MZM. The timing jitter of the
AWG and the trigger electronics add up to a transmitting pulse with minimum width of 1 ns. This timing
resolution is well below the capability of the MZM with a bandwidth of 20 GHz. The distinct temporal fea-
tures of the photon-pair correlation function are not broadened by the modulation process. This is verified
by comparison of the measurements with a fit ( ) of the product of the unmodulated fit function (see
Fig. 3.3) with the transmission function. Only the relative position between modulator transmission and
correlation function as well as the transmission amplitude have been used as fitting parameters. All other
parameters were taken from the fit of the reference or of the measured transmission function.
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resolution limits of the partaking optoelectronics. In the experiment, the signal
photon is frequency converted to 1557nm and transmitted through the MZM.
The insertion loss of the MZM of 3.1 dB reduces the telecom single-photon rate
at SSPD3 and, consequently, the coincidence rate by roughly 50%.

Arbitrary waveform generation. The second-order signal-idler correlation measure-
ments are presented in Figs. 3.5b and 3.5c for two exemplary AWG pulse forms.
In this experiment, the voltage patterns are compiled from 102.4 ns long se-
quences of 512 values with 8 bit resolution in amplitude. In both cases, we
measured the temporal profile of the MZM transmission as the transmission
signal of a continuous-wave laser. The plots display respective fits of the time-
dependent transmission )7(g). We achieved transmission pulses with a full width
at half maximum of 750(1) ps. The pulse width is mainly limited by the AWG
rise time of about 500 ps, while the 20GHz-bandwidth MZM should assure
optical rise times well below 100ps. The signal-idler correlation measurement
demonstrates the modulation of the single-photon wave packet at timescales of
nanoseconds.

Theoretical model. Tomodel the expected signal, we extend the convoluted signal-
idler correlation function Eq. 2.4.22 by:

2 + 0 · )7(g − g0) ·
[
IRF ∗ �(2)s/i

]
(g). (3.3.1)

For the fit of Eq. 3.3.1 to the data, we only use as fit parameters the amplitude 0
of the transmission function )7(g) and its relative position g0 with respect to the
correlation function. Here, we set the global offset 2 to zero (see section 3.3.3).
The parameters of the instrument response function and the correlation function
resulted from the fit to a reference measurement performed with constantly
transmitting MZM. The accurate overlap of the fit with the data points confirms
that no change of the underlying fine temporal features of the signal-idler
correlation function is detected within the experiment’s timing resolution of
90(2) ps.

Outlook. Themajor limitation for the fast modulation of the frequency-converted
signal photons in this experiment is the bandwidth and the rise time of the
AWG. With improved AWGs385 and MZMs,386,387 it would be possible to cut
out individual temporal peaks of the wave packet. This would be a very useful
functionality, for example, in time-bin based quantum keys distribution with
larger alphabets.388
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Figure 3.6 | Storage of a converted photon in a 9.3 km long fiber. a, Signal and idler photons are split at a polarizing
beam splitter. The signal photons are delayed in a 9.3 km long fiber after frequency conversion and for-
warded to SSPD1. The idler photons are detected with SSPD2. To reduce the time delay of the start and
stop events at the TCSPC electronics, an additional electronic delay of 45 µs is applied to the electronic
signal of SSPD2. b, Measured correlation function of idler and converted signal photons with 9.3 km delay
( ) and without fiber delay ( ). The electronic delay box processes only one pulse at a time, resulting
in a decreased heralding rate at the correlator. This causes a strong decrease of coincidence events after
storage of the signal photons in the fiber. The temporal structure of the signal-photon wave packet is con-
served, basically. But, two processes increase the width of the individual peaks of the correlation function.
On the one hand, the peaks are broadened by chromatic dispersion in the fiber. On the other hand, the
electronic delay and the preceding amplifier (AMP) introduce an additional timing jitter. The measured
peak width is the convolution of IRF, chromatic dispersion and timing jitter of the electronic delay. From
the fit ( ) to Eq. 3.3.1, an IRF peak width of 220(10) ps is inferred. This value is considerably larger than
in the case of conversion without an additional fiber delay.

3.3.3 | Storage of a telecom photon wave packet in a fiber

In the final experiment, we demonstrate a straightforward approach to store a
frequency-converted photon for the time of 45µs in a 9.3 km long telecom fiber
(SMF-28, Corning) furled on a spool (see Fig. 3.6a).

Experimental setup. The frequency of the signal photons is converted to the tele-
com band as in the previous experiments. Instead of detecting the signal photons
directly after conversion, they are coupled into the 9.3 km fiber spool and de-
tected by a SSPD at the end. Meanwhile, the idler photons are detected at the
other SSPD.
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A 45µs electronic delay (Highland Tech., T560) was applied to the detection
voltage pulses from the SSPD of the unconverted idler photons. This electronic
delay accomplishes almost simultaneous events at the correlation electronics,
i.e., it compensates for the optical time-of-flight delay of the signal photons in
the fiber loop. We then correlated both electrical detection signals with the
TCSPC electronic. The resulting histogram (see Fig. 3.6b) demonstrates the
general conservation of the signal-photon wave packets.

Chromatic dispersion. Compared with a measurement where we place the SSPD
directly after the conversion (without a fiber delay), the temporal resolution
in the correlation measurement is reduced after delaying the signal photons.
A fit of Eq. 3.3.1 to the data – using the same fit parameters as in Fig. 3.3
except for the amplitude 0, the global offset 2, and the width of the IRF –
results in a fitted FWHM of the IRF of 220(10) ps. Two main factors originating
from the additional equipment contribute to the broadening of the peak in the
measured correlation function. The dispersion in the SMF-28 fiber at 1550nm
is ∼18 ps/(kmnm). With the 9.3 km fiber delay and the spectral width of the
converted photons at 1557nm of ≈0.8 nm (≈100GHz), the temporal shape
of the converted photons is broadened by ≈140 ps at the output of the fiber
spool.

Additional timing jitter by electronic noise. Besides wave-package dispersion, the tim-
ing jitter of the electronic delay (specified with 50 ps) contributes to the broad-
ening. An quadratic sum of contributions of these uncorrelated broadening
effects points out an impact to the data which has so far been unaccounted for.
We suspect that the timing jitter (about 150 ps) introduced by the noise of the
electronic amplifier (Mini-Circuits, ZFL-500LN-BNC) before the delay box is the
cause for the increase of the measured FWHM.

Electronic delay. The strong decrease of the coincidence rate is dominantly caused
by the electronic delay box. Each time an electronic pulse is delayed, no
other signal will be processed with the 45µs delay. This limits the detection
rate of the signal photons to 1/(45 µs) ≈ 22 kHz. Therefore, the maximally
achievable coincidence rate is reduced by a factor of 38. In comparison, the
absorption of the 1557nm photons in the fiber with an absorption coefficient of
0.23 dB/km causes losses of 39%. The reduction of the coincidence rate needs
to be overcome for the parallel synchronisation of a huge number of correlated
photon pairs in future quantum networks. One can avoid this, for example, by
using analog delay lines or digital delays with buffers to process multiple pulses
simultaneously.
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Fiber losses. The fiber loss, on the other hand, implies a fundamental limit to
the storage time of a photon in a fiber. This loss cannot be reduced significantly
with current fiber technology. A fiber loop photon storage, consisting of a fast
switchable four-port fiber Mach-Zehnder-interferometer and a fiber loop, can
only reasonably be used in a temporal delay range where its time-retrieval
product, as defined in the introduction to this chapter, excels those of other
storage mechanisms. We find the optimum to be at 90µs (see above). This
limits the maximum distance at which quantum correlations can reliably be
realized to about 18.9 km, or medium-range urban networks.

Outlook. The dispersion of the wave packet in the long fiber reduces the tempo-
ral overlap between a photon just after frequency conversion and one at the end
of the delay line. In a Hong-Ou-Mandel32 type experiment where photon indis-
tinguishablity plays a major role, wave-packet dispersion would utterly degrade
the performance. This problem could be resolved by the use of fiber optical
links with identical lengths or by using dispersion compensating fibers389,390 in
the fiber-loop storage.

3.4 | Discussion

In this chapter, we have experimentally demonstrated the conservation of the
complex temporal correlation during coherent quantum frequency conversion
between two pair photons which are generated by cavity-enhanced SPDC. We
transfered the signal-photon wave packet from the atomic frequency standard of
the cesium D1-line at 894 nm to the minimal absorption wavelength in telecom-
munication fibers at 1557nm.

Conversion efficiency. The maximum overall conversion efficiency of our setup
[QFC = (13.1 ± 0.2)% lies below those values (39%,391 32%,339 or 22%,349)
that were achieved in other experiments. But, we could still improve our
conversion efficiency by using an improved telescope in front of the fiber coupler
for the 1557nm photons (up to [fiber = 70 %) and by reducing the losses during
spectral filtering in the fiber circulator system (theoretically up to [f ≈ 100 %).
This would result in a possible maximum conversion efficiency of [max

QFC ≈ 40 %.

Noise photon generation inside the pump laser. After completion of the experiments,
the rate of detected noise photons # was further reduced to the dark count
level of the SSPDs with the help of a 2.0µm longpass filter for the 2.1µm pump
laser. This verifies that the noise photons were located within the stopband
of the fiber Bragg grating at 1557nm and directly generated inside the pump
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laser resonator. The noise rate now lies below # < 100 Hz such that the SSPD
dark-count rate (≈50 Hz) is an important contributing factor. This noise rate
results in a SNR > 1600 for the experiments without the fiber storage spool.
Such a high signal-to-noise ratio enables subsequent conversion experiments
with single-photon emitters with emission rates that are orders of magnitudes
lower than the photon-pair rates reported in this chapters.

Signal-to-noise rate improvement. Recently, Ikuta and coworkers performed a fre-
quency-conversion experiment with correlated photons generated in rubidium
vapor with a trade-off between conversion efficiency, and noise detection rate.349
Due to the low excitation and collection efficiencies they required measure-
ment durations of 200 h. With rates of about 10 kHz of time-energy entangled
photons from an InAs quantum dot392 before frequency conversion and with
improved SSPDs with a detection efficiency ≥40% one could reach rates of
entangled photons in the telecom band which are by about one order of magni-
tude higher than in the above-mentioned study. This corresponds to a reduction
in integration time for a similar experiment to one day or less.

Performance with state-of-the-art equipment. Precise heralding of the signal photons
and fast temporal modulation of the converted signal photons with commercial
fiber telecommunication equipment allows for arbitrary shaping of single-photon
wave packets. Though, this arbitrary shaping comes at a cost of photon losses
by absorption inside the modulator.

The temporal resolution of this process is only limited by the overall rise time
of the arbitrary waveform generator and the optical modulator. A combination
of fast temporal switching, as demonstrated in this chapter, with telecom ultra-
dense wavelength-division multiplexing273 would further enhance the attainable
complexity of upcoming quantum networks.

Fiber-loop storage. Beyond that, the frequency-converted signal photons have
been stored more than 45µs in a 9.3 km fiber spool and were heralded by the
idler photons. With this preparatory work, we propose a fiber-loop storage that
would, in addition, shape the single photon with a fast switchable electro-optic
modulator at retrieval. Such a device would still outperform current atomic
quantum memories at room temperature by one order of magnitude.164,376
Additionally, it would allow for an immediate technical implementation of a
simple storage scheme of single photons at the telecommunication wavelength
for medium distance urban quantum networks.

Storage bandwidth. The bandwidth of atom-based quantum memories ranges
from a few MHz,374 over about 100MHz utilizing electromagnetically induced
transparency,166 to the order of GHz.164 In molecules, a storage bandwidth of
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THz has been shown393 for classical laser pulses. In nitrogen vacancy centers in
diamond, storage of entangled photons with THz-bandwidth has been reported,
albeit with storage times on the timescale of picoseconds.394,395 The bandwidth
of an optical-fiber-based memory in the telecom C-band would, in contrast,
only be limited by wave packet dispersion. The low-loss transmission window
stretches over multiple THz, which makes frequency multiplexing possible.

Further improvements and fundamental limitations. For practical implementations, the
idler-photon detection can also be used to add a classical telecom pulse to the
transmitting fiber by wavelength division multiplexing, as well as to herald
the corresponding signal photon.396 However, the exponential loss in fibers
cannot easily be mitigated and limits storage times to below a millisecond.
Therefore, other types of quantum memories are required for long-distance
quantum communication.

Outlook. A fiber-loop memory could be a node in the quantum network which
merges storage and shaping, thereby reducing the number of incorporated
devices and, thus, the overall single-photon losses. This brings recent efforts
closer to establish quantum networks in real-world applications. One obstacle
to this is the still present modulator insertion loss of about 3 dB. In a fiber
loop storage system, this would divide the retrieval probability in half for every
round-trip.

3.5 | Conclusion

In the above-described experiments, we have established the frequency conver-
sion of photons generated at the cesium D1 transition to 1557nm in the telecom
C-band. The overall efficiency lies in the range of other conversion experiments
that have recently been conducted and still leaves room for realistic improve-
ment. In the experimental setup, no detectable broadening was introduced
into the fine temporal structure of the photon wave packet during frequency
conversion.

We have also demonstrated the heralded arbitrary temporal shaping of the
converted photons on the timescale of nanoseconds. Such synchronized photon-
wave-packet modulation will be of importance for optimal absorption397 in
stationary solid-state or atomic quantum memories.352 This type of modulation
is also essential for quantum protocols that rely on well-defined temporal photon
states.96,398
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We also investigated the influence of chromatic dispersion on the heralded and
converted photons that passed through a 9.3 km fiber. For applications requiring
indistinguishable photons or for the realization of a basic fiber-loop quantum
memory, the temporal broadening observed in the correlation measurements
has to be prevented by the use of dispersion compensating fibers and low-timing
jitter electronics.

In the future, our setup can be used to build quantum networks consisting of
nodes at the cesium D1 transition and fiber-based channels in the telecom band.
The current experiments can be extended by converting entangled photons
deterministically generated by a quantum dot314,392 to enable remote prepa-
ration of entangled states. The combination of storage, heralding, arbitrary
frequency, amplitude and phase modulation of single-photon wave packets, as
well as remote state preparation, will render more complex quantum networks
possible.



4 Summary and outlook

This thesis provides an in-depth analysis of triply-resonant cavity-enhanced
SPDC. The analysis comprises three aspects: Firstly, a theoretical discussion of
cavity-enhanced SPDC, and secondly, the experimental implementation of a
cavity-enhanced photon-pair source and the comparison of several experiments
with the theory to fully characterize the photon-pair source. In the third part,
this thesis presents the results of a series of experiments in the context of hybrid
quantum networks that exploit the specific properties of the above-mentioned
photon-pair source.

Summary

Theoretical foundations. Chapter 1 presents the theoretical foundations of this
thesis. We derive the quantum theory of cavity-enhanced SPDC with a focus
on the analysis of double-pass pumping and pump-resonant linear cavities.
The main achievement of this chapter is the derivation of a convenient model
with which the cavity geometry can be optimized to maximize the photon-
pair generation rate while maintaining a high heralding ratio. This model is
of great interest for the quantum optics community working towards hybrid
quantum systemswhere photon-pair sources based on cavity-enhanced SPDC are
routinely used in state-of-the-art experiments.107,142–150 For these experiments,
the brightness and the heralding ratio of the photon-pair sources are crucial to
important experimental parameters, e.g., the success rate and signal-to-noise
ratio.

Joint spectral amplitude. At the heart of this theoretical chapter lies the joint spectral
amplitude of the two-photon state generated by cavity-enhanced SPDC. Build-
ing on established theoretical descriptions of triply-resonant cavity-enhanced
parametric down-conversion,111,129,130,136,137,160–162 this thesis refines the ex-
pression for the joint spectral amplitude. Specifically, the expression now takes
account of the interaction of Gaussian beams inside (linear) cavities. Thereby,
for the first time, we discuss the impact of differing confocal parameters of the
three involved fields inside the cavity on the Boyd-Kleinman-factor. Additionally,
we provide a novel expression for the relative phase of the three fields inside the
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cavity. The complete model allows for comparisons between a wide range of
different cavity configurations and geometries, which aids in the development
and improvement of novel sources.

Heralding ratio. For non-resonant spontaneous parametric down-conversion, it
has been found that the heralding ratio decreases with decreasing values of
the pump beam waist inside the nonlinear crystal.59,195,201 Thus, a compromise
between brightness and heralding ratio has to be found. However, the theoretical
analysis in chapter 1 suggests that this relationship should not apply to the case
of high-finesse cavity-enhanced down-conversion. To the best of the author’s
knowledge, this specific relationship has not been studied in the literature and
requires further research.

Photon losses and cavity-escape efficiency. The extended expression for the joint
spectral amplitude developed in this thesis also takes the loss of photons inside
the cavity and at the cavity mirrors into account. Equipped with this detailed
model, chapter 1 highlights the strong impact of photon losses on the brightness
and the cavity-escape efficiency for larger values of the cavity finesse. These two
parameters cannot be optimized independently. This leads us to conclude that
the trade-off between brightness (or linewidth, respectively) and heralding ratio
has to be taken into account in the design process of a cavity-enhanced photon-
pair source. So far, this trade-off has has not been studied in the literature at
this level of detail.

Photon-pair generation rate. The main contribution of the first chapter of this thesis
is the derivation and verification of a theoretical expression for absolute values
of the photon-pair generation rate. The expression is novel since special care
has been taken to specify the brightness only in terms of parameters which
are directly accessible in the design process of a new experimental setup. We
verify that the model is in good agreement with experimental results gathered
for a broad range of different cavity configurations ranging from low-finesse
conventional cavities to high-finesse monolithic resonators. This result provides
researchers in the field of quantum optics with an approachable, ready-to-use
model which serves as a basis for the development and optimization of novel
cavity-enhanced photon-pair sources.

Experimental implementation. The second chapter of this thesis describes the ex-
perimental implementation of a cavity-enhanced photon-pair source and its
characterization. Additionally, from a technical point of view, the thesis ad-
dresses two important building blocks for the experimental implementation of
cavity-enhanced photon-pair sources: the development of improved monolithic
filter cavities as well as the use of digital cavity locking electronics.
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Monolithic filter cavities. Monolithic filter cavities are a valuable tool for a broad
range of experiments in quantum optics. Chapter 2 presents an important
technical improvement to the concept of monolithic cavities. For the first time,
we present monolithic filter cavities which allow for polarization-independent
spectral filtering. This property is important for a wide range of experiments in
quantum optics. Additionally, we use the intrinsic frequency stability of the filter
cavities to develop a novel high-precision monochromator and a high-resolution
spectrum analyzer. We utilized this cascaded setup of filter cavities to fully
resolve, for the first time, the comb-like spectral structure of photons generated
by cavity-enhanced SPDC.

The employed calibration procedure of the filter cavities, which has been de-
veloped in the context of this thesis, currently only allows for a comparison of
the measurement results to a given theoretical model. As part of future work
the calibration procedure should be improved to allow for precise quantitative
measurements of signals with unknown spectral shape. Furthermore, future
studies should aim at increasing the cavity transmission, as well as at further op-
timizing the cavity geometry and thermal properties to reduce thermal settling
times.

Digital cavity-locking electronics. Experiments based on cavity-enhanced SPDC with
conventional cavities require a sophisticated feedback control system to sta-
bilize the mirror spacing over long measurement durations. We successfully
demonstrate that the introduction of a digital locking scheme instead of the
previously-employed analog control system leads to a significant improvement
of the long-term stability of our experimental setup. Additionally, the digital
control system requires significantly less optical components than a comparable
analog system.

Microcontrollers are inexpensive, can easily be programmed, and, for many
applications, are just as powerful as commercial control systems based on field-
programmable gate arrays.267 Nevertheless, their use in experiments is currently
still complex and time-consuming. Further studies should focus on the devel-
opment of open-source, low-cost, easy-to-use, microcontroller-based feedback
control systems with improved electrical noise characteristics. This would en-
able researches in the quantum-optics community to reduce the complexity
of experimental setups without increasing the complexity of the underlying
control systems.

Characterization of a triply-resonant photon-pair source. Apart from the technical im-
provements, chapter 2 also presents an in-depth experimental characterization
of cavity-enhanced photon-pair sources. The chapter’s main contributions are
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the special emphasis on the pump resonance condition and the direct compari-
son of high-resolution spectral and temporal measurements of the two-photon
wave packet. Due to the interference of photons generated in the forward
direction and photons generated in the backward direction, a rich spectral and
temporal structure is identified and experimentally verified. We find that the
theoretical model developed in chapter 1 and the measurements presented in
chapter 2 are in excellent agreement, which further corroborates the theoretical
description in chapter 1.

For the first time, we not only fully resolve the spectral fine structure of the
photons generated by cavity-enhanced SPDC. We also present an experimental
analysis of the impact of the relative phase of the three fields inside a linear
cavity on the spectral and temporal structure of the two-photon wave packet.
This thesis provides the first experimental verification that this relative phase
can be measured via the Hong-Ou-Mandel effect. Section 2.4 also theoretically
discusses the impact of the relative phase on the second-order signal-idler corre-
lation function. So far, this relationship has not been studied in the literature.

Hybrid quantum networks. Hybrid quantum systems106 aim at combining differ-
ent quantum systems with complementary properties and functionalities to
overcome fundamental barriers which cannot be overcome by the individual
quantum systems. If quantum information is transferred from one such quan-
tum system to another via single photons over optical fibers, often, quantum
frequency conversion to telecommunication wavelengths is beneficial to avoid
photon losses inside the fiber.

Chapter 3 presents the quantum frequency conversion of heralded single photons
generated by the cavity-enhanced photon-pair source presented in chapter 2.
We provide evidence that the structure of the temporal wave packets of the
heralded photons is unaffected by the conversion process. Operating at telecom
wavelength allows us to use advanced telecommunication technology, e.g., for
fast wave-packet modulation. Therefore, in chapter 3, we present a route to
interface dissimilar quantum system via optical fibers by matching the spectral
as well as the temporal wave packets from one quantum system to another and,
thus, optimizing their interaction.

Outlook

Applications in quantum communication. The connection of dissimilar stationary
quantum systems by tailored photon sources is very promising regarding the
mediation of entanglement in quantum networks. This objective is currently
investigated within the joint project Q.Link.X,399 funded by the Federal Ministry
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of Education and Research, and the Quantum Flagship1,400 initiative, funded by
the European Union. Distribution of entanglement over quantum networks is
the basis for quantum repeaters67,93 which can ultimately build the foundation
of a unified quantum internet.27,94

SPDC-based photon sources cannot compete with single photon sources based
on isolated quantum systems (e.g. quantum dots29–31), especially in terms of
on-demand and deterministic generation of single photons, as well as regard-
ing independence of single-photon purity and brightness. But, their spectral
flexibility, ease of use, robustness, and maintenance-free operation are still un-
matched by single quantum emitters. Therefore, sources of (entangled) photons
based on cavity-enhanced SPDC will play an important role in prove-of-principle
experiments in the development of quantum repeaters.140,155–159

Applications in quantum sensing. While photon-pair sources based on spontaneous
processes are not ideally suited to large-scale quantum computing or quantum
repeaters due to their inherent thermal photon statistics and limited heralding
ratios, they have the potential to be vastly beneficial to another area quantum
technology that is rapidly gaining in importance: Developments in quantum
sensing have sped up in recent years.19,144,401–405 High-brightness sources of
entangled photons operating at room-temperature will play an important role
in prototyping and maturing these technologies. Cavity-enhancement and novel
approaches such as nonlinear microresonators or waveguides, as well as the
miniaturization of the required optical components, will be important driving
factors in this field.

Cavity-enhanced spontaneous parametric down-conversion has the potential to
provide sources of entangled photons which offer high brightness, spectral purity,
tunability in both wavelength and spectral bandwidth, and high heralding ratios
while operating at room temperature. Further studies following the line of
this thesis should focus on finding and optimizing cavity configurations which
combine all of these advantageous properties to harness the full potential of
cavity-enhanced spontaneous parametric down-conversion.





Tools and instruments

This thesis was written in LATEX. All plots and numerical simulations were pro-
duced using Mathematica® (Wolfram Research, Inc., Mathematica®, Version
11, Champaign, IL, 2018). With Wolfram Mathematica®, various analytic
calculations discussed in this thesis were performed. For the figures, the vector-
graphics software IPE (version 7.2 by Otfried Cheong) was used.

The mechanical design of the photon-pair source was created using Autodesk®
Inventor® (version 2010/2011). The 3D images of the setup were rendered
using Autodesk® 3ds Max® (version 2016). To control the experiments and to
collect the experimental data, we used LabView® (version 2010-2012, National
Instruments).

The microcontroller for the digital locking scheme discussed in section 2.2.2
were programmed in C using the GNU ARM plugin for the Eclipse Integrated
Development Environment. The electronic circuits and the circuit board for
the digital locking scheme were designed using EAGLE (version 7, CadSoft
Computer GmbH).
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instrument manufacturer
Narrow-linewidth diode

laser
TA pro, DL pro,
DL 100

TopticA Photonics AG

Digital laser locking module DigiLock 110 TopticA Photonics AG
Nonlinear down-conversion

crystal
KPT, PPKTP Raicol Crystals Ltd.

Down-conversion cavity
mirrors

SM05-0.050C,
PW0537C,
custom coating

LASER COMPONENTS GmbH

Avalanche photo diode g-SPAD PicoQuant GmbH
Superconducting

single-photon detector
custom design Scontel Superconducting nano-

technology
Time-correlated

single-photon counting
module

PicoHarp 300 PicoQuant GmbH

Lock-in amplifier SR810 Stanford Research Systems
Grating Spectrometer Acton SP2500 Princeton Instruments

Single-mode fiber coupler 60FC, 60SMS Schäfter + Kirchhoff GmbH
Temperature controller TEC-1091,

TEC-1089-SV
Meerstetter Engineering GmbH

Microcontroller (cavity
lock)

STM32F3 STMicroelectronics

LiNbO3 waveguide custom design NTT Electronics
2.1µm semiconductor disk

laser
custom design Fraunhofer Institut for applied

Solid State Physics

Table .1 | List of instruments used in the experiments
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