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Abstract

In this thesis the experimental realization and characterization of a robust source of heralded
single photons emitted at the 5"Rb D line (795 nm) with a narrow bandwidth of 373(1) MHz
is reported. The generation process is based on type-II non-degenerate spontaneous parametric
down-conversion in a periodically poled monolithic optical parametric oscillator. Potassium titanyl
phosphate crystals are widely used as suitable candidates for quasi phase-matching. To achieve
the target frequency, a poling period of 10.1 pm is needed. Thanks to high efficient coupling, anti-
reflex coatings and reducing optics in the signal arm, heralding efficiencies nneralded = 53(5)% were
achieved. The source is operated far below threshold and maintains a second-order correlation
function géz) < 0.01 up to pair generation rates of 7.5 x 10° pairs/s. In contrast to down-converted
light, the pump light does not resonate in the cavity due to the absence of a high reflective dielectric
coating on one crystal facet, thus providing a double pass pump scheme. In this configuration gray-
tracking induced crystal deterioration is strongly suppressed. Even without recycling the pump light,
photon pair rates of 5.1 x 103 pairs/(smW) were detected. To reduce shifts in the pump frequency a
sideband offset lock onto a transmission spectrum of a reference cavity has been implemented. The
passively stable reference cavity shows frequency drifts of less than 10 MHz/h.
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Introduction

Since the discovery of quantum mechanics in the early twentieth century as a microscopic world governed
by laws that challenge our classical intuition, there has been tremendous interest in understanding its
fundamentals. With the discovery of the laser in the sixties [1], the field became much more accessible to
experimentalists. Since then, researchers developed a versatile toolbox for quantum optics experiments.
Theories of the effects based on quantum entanglement and quantum superposition among other non-
classical features could be validated because of human creativity and persistence in experimenting in this
field [2, 3]. The technologies exploiting these concepts range from quantum information and computa-
tion [4] to quantum metrology [5] and quantum key distribution (QKD) [6], which all underwent fast
development from fundamental discovery to experimental proof and some even towards marketability
(e.g. ID Quantique [7] and MagiQ) Technologies [8] for QKD, @Qnami [9] for quantum sensors).

These recent quantum technologies all rely on quantum bits, or qubits, which exhibit, in contrast to a
classical bit, not only states 0 and 1 but every superposition of them. Even though they differ in their
physical implementation, they are fundamentally grouped into two principal classes — flying and station-
ary qubits. Prior refers to qubits that can be sent, such as those encoded on a photon’s polarization,
where as the latter are fully bound to the laboratory. Quantum computers, as one of the flagships of
modern research, rely on the interconversion of stationary and flying qubits to perform any computation
[10]. A viable quantum node to enable such conversion is the quantum memory. They are one of the
backbones for many recent quantum technologies and show high potential for future large-scale tech-
nologies. Alongside quantum repeaters [11], they are key components of quantum networks, enabling
quantum cryptography networks [12] allowing for unconditionally secure communication [13] or large
scale quantum computers and simulators which help to exponentially improve computing performance
for intricate problems [14, 15]. Quantum memories allow to store quantum information and to retrieve
it on-demand. However, there are a manifold of possible implementations for quantum memories, all
striving to find a good compromise of storage efficiency, storage time, noise level, and experimental
complexity [16, 17]. Among photonic quantum memories are those based on nitrogen-vacancy center in
diamond [18, 19], crystals doped with rare earths [20, 21] or trapped ions [22], single atoms [23] and
cold atomic gases [24, 25] as well as hot alkali vapor memories [26, 27]. Latter come in a variety of
implementations but generally benefit from high storage efficiencies and can usually be operated outside
cryogenic temperatures, and are therefore chosen as an easy to implement option for a proof of principle
for large scale applications. However, it is crucial for quantum memories to be matched with an adequate
source of single-photons: first of all, memories require a certain target frequency of the single photons,
second the bandwidth is to be matched, and third the extraction rate or heralding efficiency need to be
high enough to surpass the readout noise. Finally, the photon rates need to be high enough to obtain
statistics in order to quantify the memories’ performance.

Single-photon sources are regarded to be the workhorse of most modern photonics based quantum ex-
periments and applications and hence pose a crucial task for today’s research and industry. Their nature
inherently allows them to reliably generate quantum states which can be used for quantum process-
ing. Single-photon sources are designed to emit highly indistinguishable photons [28-30] or pairs with
a high degree of entanglement [31, 32]. Further on the wish list for single photon sources are quantum
state purity, extraction efficiency, and on-demand generation. Two of today’s most advanced standards
for single-photon sources each partially fulfill these requirements: semiconductor quantum dots (QD)
[33-37] and sources based on spontaneous parametric down-conversion (SPDC) [38-42]. The latter are
the focus of this work. SPDC sources are generally subject to contamination of higher photon number
states and thus need to be run with a low generation probability per coherence time p, that is in a pump
regime far below threshold. Therefore, when needing an N-photon state, the probabilistic nature of the
sources decrease the generation rate rapidly for high N as the success probability scales exponentially as
P o pN [43, 44]. N-photon states are needed in multiple applications such as boson sampling [45, 46]
or linear optical quantum computing [15, 47] in order to perform any calculations on photonic circuits.
Combining an SPDC source with a quantum memory helps to overcome its probabilistic character and
allows generation of on-demand high photon pair states.

The quantum memory we try to operate proposed by Wolters et al. [48] is in a warm Rubidium vapor
with an end-to-end efficiency of 7e2. = 3.4(3)% for 50 ns storage time. In order to operate the quantum



memory, the source requirements are the following: first of all, it needs to generate photons with a
tuneable emission spectrum close to the D; line of 8’Rb around 795 nm, second the memory requires
broadband photons in the bandwidth range of a couple of hundreds of MHz up to 1GHz, third the
extraction efficiency should be exceeding 25% in order to obtain a sub-unity readout SNR, and finally,
the herald rate should exceed 50000 counts/s. The memory has been characterized with weak coherent
pulses emulating QD photons [49] and first attempts were made to operate it with a monolithic SPDC
heralded single-photon source [50]. Central element of the SPDC source is a periodically poled potassium
titanyl phosphate (ppKTP) crystal equipped with highly reflective dielectric coatings for pump photons
as well as the down-converted daughter photons — signal and idler. We iterated this design by omitting
the pump coating on one side of the crystal, therefore enabling a pump double pass. This new design is
usually referred to as monolithic doubly resonant with a double pass pumping scheme.

With this improvement of the a heralded single-photon source design adopted from Mottola et al. [51]
we hope to improve one aspect in particular: Our new source design uses a double pass instead of a
multi pass pump scheme. First, since the crystal does not form a resonator cavity for the pump light,
there is no particular need for stringent mode matching. In return, we hope to find gray-tracking [52]
to be significantly suppressed. Interestingly, this should also improve pair generation rates per mW
since we are not restricted to off-resonant pumping anymore. On the other hand, we are unable to lock
the pump laser on crystal transmission modes, but we equip the source with a tuneable sideband offset
lock enabled by a reference cavity. By implementing these changes we hope to significantly improve the
crystal lifetime as well as the source’s tuneability and handling.

Structure

This thesis is structured in three chapters: starting with a theory part, then proceeding with the experi-
mental part about the doubly resonant crystal, and finally concluding with a discussion which summarizes
the achievements and problems faced with this single-photon source design.

Part 1: The theory part describes the physical background necessary to explain the physics of SPDC.
Herein, we start both with Maxwell’s equations as well as dispersion and birefringence in order to explain
the light-matter interaction. Afterwards, we proceed with explaining and deriving a classical theory for
difference frequency generation (DFG) and a semi-classical theory for SPDC for which we find respective
photon generation rates. These introduce the phase-matching conditions. We then explain two ways to
satisfy them: Birefringent phase-matching, which exploits the angle-dependency of the refractive indices,
and quasi phase-matching, which enables phase matching without angle tuning by exploiting a periodi-
cally alternating crystal orientation. Additionally, we explain the mode structure in optical parametric
oscillators (OPO) which, together with the phase-matching conditions determine the working parame-
ters (crystal temperature and pump frequency). Finally, we describe second-order correlation functions
which will help us in characterizing the single-photon source.

Part 2: In the experimental part, we first explain the experimental setup and the crystal as well as the
reference cavity. Furthermore, we show the importance of the DFG mode and how it allows us to adjust
parts of the setup. Thereafter, we explain the methods to verify the working parameters obtained in
the theory part of the thesis. Finally, we perform correlation measurements in order to characterize the
source on its single-photon character as well as its pair generation rate.

Part 3: In the final part, we discuss the problems we faced during the setup process of the source.
Moreover, we summarize the results obtained during the measurements and we give an outlook on what
can be done in the near future in order to improve the SPDC single-photon source.



1 Theory

Single-photon generation is a non-trivial task and requires the understanding of principles concerning
linear and nonlinear optics. It is helpful to establish certain terms and concepts on the following pages
before proceeding to more intricate theories. After introducing Maxwell’s equations in matter, the chapter
continues with a short description of the refractive index of dispersive media. The Section 1.1 closes with
the introduction of the nonlinearity of the polarization vector. Thereafter, we present classical and semi-
classical theories, respectively, which are necessary to describe the three wave mixing processes of DFG
as well as SPDC. Finally, more specific theories are provided towards optimization and characterization
as well as descriptions of the emerging quantum states of our single-photon source. The theory part
of my thesis motivates the experimental procedures used in order to obtain single-photon states from a
ppKTP crystal.

1.1 Optical Prerequisites

Electrodynamical and optical prerequisites are needed to establish terms and notations which are used
later. These explanations and derivations can be found in standard literature about quantum optics
[63-55]. Even though these are basic theories, they show high importance in later chapters since they
lay the physical groundwork for more specific descriptions of single-photon extraction with SPDC. This
chapter closely follows [55] and [56] with some calculations found in [57] if not specified otherwise.

1.1.1 Maxwell’s Equations in Matter

It is necessary to start with the description of propagation of waves within dispersive media, which
originates in Maxwell’s equations. In vacuum, these equations are used to describe every electrodynamic
phenomenon in the presence of an electric field E(r, ¢) and a magnetic field B(r,¢). In dielectric matter,
however, it is required to introduce the displacement field D which accounts for the materials properties.
The equations therefore read [53-55]

V.D=0, (1.1.1a)
V.B=0, (1.1.1b)
0B
= —— 1.1.1
VXxE 5 ( c)
oD
= o——- 1.1.1
VX B=po—o (1.1.1d)

Additionally, this particular set of Maxwell’s equations accounts for no free charges (p = 0) nor currents
(J=0). Using the displacement field’s definition

D= E + P, (1.12)
with the polarization depending on the electric susceptibility x:

P = ¢)xE. (1.1.3)
Combining both expressions yields

D = ¢y(1 + x)E = ¢n’E = ¢E. (1.1.4)

For now we treat x to act as a scalar so that the Gauss’s law (1.1.1a) reduces to

V-E=0 (1.1.5)
and similarly the Ampére-Maxwell law (1.1.1d) becomes

OE
B= — 1.1.
V % Ho€ ot "’ ( 6)



respectively. Taking the curl of both Equation (1.1.1c) and (1.1.6), we find

V x (VxE)=V x (_a;:) - —%(v « B) PoLto —uoe%, (1.1.7a)
V x (VxB)=V x (;me%f) - uoe%(v x B) oL —uoe%, (1.1.7b)

where the vector identity
Vx(VxV)=V(V-V)-VV (1.1.8)

can be applied to both left-hand sides. The terms of V-E and V - B disappear due to Equations (1.1.1b)
and (1.1.5). Employing the identity ¢? = eguo yields wave equations for both E and B

1 9’E
2

1 9°B
2

One possible solution for the wave equation (1.1.9a) is

E = Eg exp(i(—wt + kr)), (1.1.10)

where the wave vector k includes the refractive index n, specifically, it can be found as

2 ~
k=""F (1.1.11)
A

Considering only the solution’s real part, we find

Re(E) = Eg cos(—wt + kr). (1.1.12)
It is convenient to describe the electric field by the complex amplitude A = Eg exp(i¢):

1 .

E= 2(Aexp[z(—wt—|—kr)] —|—c.c.> (1.1.13)

The complex conjugate ensures that the electric field remains real-valued.

1.1.2 Dispersion and Birefriengence

The index of refraction is an intricate but crucial quantity of a crystal. It does not solely alter the
wavevector but can also be held responsible for refraction, the chromatic splitting of the light into
its frequency components on surfaces, as well as influencing the wave’s group velocity. The latter is
wavelength dependent and behaves according to

(1.1.14)

Propagation speeds, however, do not only depend on the light’s wavelength but also on its polarization
and propagation direction. This effect is described by the Sellmeier equations. A particular expression
for KTP crystals is given by [58]:

B, D
1-C/X2 " 1-E/X\

where the coefficients A to F' are determined empirically. The Sellmeier equations do not have a universal
shape but, depending on material and crystal axis, show more or fewer coefficients, oftentimes depend-
ing on temperature. Especially for non-isotropic materials they depend greatly on the respective crystal
axes since the crystal structure is either not cubic or distorted by one of many mechanisms triggering
birefringence. It is therefore not surprising that the linear electric susceptibility x(*) becomes a tensor

n(\)? = A+ + FA?, (1.1.15)



with diagonals as refractive indices for every axis. Crystals with different refractive indices with respect
to every principal axis (ng # ny, # n,) are then referred to as biazial. Other crystals with two (three)
equal indices are called uniazial (isotropic).

Let us assume light propagation within a uniaxial crystal, where there is always one axis which yields
a rotation axis so that the refractive index stays unchanged — the optical axis. In other words, light
propagating along the optical axis, whose polarization is perpendicular (by definition) to its propagation
direction, is characterized by an ordinary refractive index n,, regardless of its specific polarization.
However, for every other propagation direction, the polarization of the wave can be split into two parts.
One part would be within the plane perpendicular to the optical axis and thus governed by the ordinary
refractive index. This ray is often denoted as ordinary ray. The other part of the beam not lying within
this plane, therefore not exposed to the material’s ordinary refractive index, is called the extraordinary
ray. Unlike the ordinary ray its refractive index is direction dependent.
This can be visualized by a simple example: Assume unpolarized light enters a uniaxial birefringent
medium so that it immediately splits into two beams. The opposing polarization are carried by the
ordinary and the extraordinary ray. Prior is fully exposed to the ordinary refractive index where as the
latter is governed by the effective refractive index neg(0, A\, T). This refractive index lies between the
ordinary and the extraordinary refractive index n., depending on the ray direction 6 (see Figure 1, right),
given by the index ellipsoid in Figure 1, according to:
2 .2
1 __cos 0 . sin” 6 - (1.1.16)
Ner(0, A, T)2  no(AT)2  ne(A\T)?

As expected, once 6 approaches zero we find the effective refractive index to coincide with the ordinary
refractive index. Furthermore, the difference between n. and n, classifies uniaxial crystals according to

An =n. — n,, (1.1.17)

into a positive (n. > n,) or negative (n. < n,) birefringence. For the positive (negative) case the
polarization of the fast (slow) wave is perpendicular to the optical axis.

optical axis optical axis

Ne < N, Ne > N,

Figure 1: Left: Effective refractive index’s neg(8, A\, T) dependency on ordinary and extraordinary re-
fractive indices, n, and n. shown graphically (left). Uniazial crystals show either positive (n. > n,) or
negative (n. < n,) birefringence. Right: Representation of angle 6 between propagation direction and
optical axis (reproduced from [55]).

1.1.3 The Nonlinear Polarization Vector

So far the polarization density vector P has been used according to the definition in section 1.1.1 but
without going into detail about the electric susceptibility x. By including higher order terms of x in
Equation (1.1.3) we find the polarization to be



P = coxWE + eoxPE? + eox P E? + ...

1.1.1
=PW 1+ P® PO 4 (1.118)
Hence the susceptibility can be rewritten together with Equation (1.1.3) as
x = x +xPE+ yOE? + ... (1.1.19)

This definition precisely shows the dependency of higher order terms on the field strength. For low fields
higher orders of E become negligible and thus the susceptibility remains linear. The polarization can
then easily be calculated as in Equation (1.1.3):

P = ¢oxVE, (1.1.20)

along with

n? =14 W, (1.1.21)

For stronger fields, however, higher order terms become more significant and thus have to be taken
into account. For instance, the second-order term (2 enables three wave mixing phenomena and the
third-order term x(®) leads to four wave mixing. SPDC is a x(® process which requires the lowest order
nonlinear susceptibility term which is according to (1.1.18):

P = ¢ xPE2 (1.1.22)

The second-order nonlinear polarization vector can be rewritten as the sum over the entries of the electric
susceptibility as

P§2) _ EOZXS'I)cEJ’Ek (1.1.23)
ik

where E; and Ej, are field amplitudes involved in the three wave mixing processes as introduced in
Equation (1.1.13). Fortunately, due to crystal symmetries, we do not have to determine all 81 entries
of the tensor x(?) but it is significantly more intricate than for the first-order term. In fact, Kleinman
[59] defined symmetry relations generally applicable for any crystal lattices which reduce the entries to
only 18 for the second-order term. Moreover, it is advantageous to use a reduced notation to allow the
rewriting of the nonlinear susceptibility in terms of nonlinear coefficients d;,, which inherently respect the
symmetries. The expression of Equation (1.1.23) encompasses many processes such as second harmonic
generation, sum frequency generation or optical rectification. Another x(*) mechanism is difference fre-
quency generation (DFG) which down-converts one higher energy photon into two lower energy daughter
photons. Its corresponding polarization vector, expressed in the Kleinman symmetry, is given by

P (wn = wm) =260 3 D disicFs (wn) Erwm)” (1.1.24)
jk mn

Since, in some cases, many entries of d;j, do not enter the calculation, we can define a scalar denoted as
effective nonlinear optical coefficient deg for the required process. For the case of DFG the expression of
Equation (1.1.24) simplifies to the scalar relationship:

P(w;g) = 460deﬂrE(W1)E(w2)*. (1.1.25)

By comparing Equations (1.1.25) and (1.1.23) we find that for DFG the relation of the electric suscep-
tibility and the effective nonlinear optical coefficient is

desg = x? /4. (1.1.26)



1.2 Difference Frequency Generation

The SPDC process is a second-order nonlinear optical process for which a single incident light field decays
spontaneously into two fields. Since the process involves only a single coherent input field decaying into
two coherent output fields, it has to be matched with vacuum fluctuation so that a semi-classical or
quantum input-output theory has to be implemented [60-62]. DFG on the other hand describes in
principal the same y(®-process but provides two coherent input fields so that there is no need for an
auxilary field originating from the vacuum state. Its description can therefore be done fully classically.
It is here used in order to approach the SPDC derivation and intends to give the reader a better intuition
of three-wave mixing processes. DFG describes a stimulated process for which a high energy photon of
frequency wo decays in two daughter photons of frequency w; and ws as hinted at in the expression of
Equation (1.1.25). The high energy photon decays in a stimulated process according to

hup + hwy — hw; + hws + hws, (1.2.1)

where we are referring to the photons 1, 2, and 3 as idler, pump, and signal photons for historical reasons.
Obviously, the process must comply with energy conservation so that the newly generated signal photons
have frequency

Wi = Wp — Ws. (1.2.2)

It is important to note that there are three different types of down-conversion: type-0, type-1, and type-II.
The first two types are polarization degenerate, meaning daughter photons exhibit the same polarization.
Specifically, for type-0 down-conversion pump and daughter photons share the same polarization where
as they show orthogonal polarization for type-I. On the other hand, type-II down-converted photons are
orthogonally polarized, where the pump polarization either matches the signal or the idler polarization.
Type-II is often the down-conversion process of choice to generate polarization entangled photons.

@, 2) fF——o ®

wp—’ X (.l)p

Figure 2: Schematic interpretation of DFG (left) and its energy diagram (right). The solid lines stand
for coherent fields.

Equation (1.2.1) implies the amplification nature of the DFG process. In the process, the intensity of
the signal field increases due to stimulated emission. For DFG we consider the nonlinear polarization
vector up to second-order:

P=PY +P?, (1.2.3)

Higher order processes are, for now, being omitted due to the operation in a regime far below threshold.
This regime refers to pump powers so low to exclude higher number pair generations such as two pair
generation etc. By doing so, we can confidently assume to only have pair generation events and thus
the omittance of higher order terms is justified. Considering coherent pump and signal input fields, the
resulting idler field is characterized by

1
E(w,') = §AL exp[i(—wit + kLI‘)] + c.c. (124)

Using this definition for the linear polarization vector of Equation (1.2.3), the first-order signal polariza-
tion vector reads

1
P (w;) = §eox(1)Ai expli(—w;t + k;r)] + c.c. (1.2.5)

Similarly we find the second-order nonlinear polarization term according to Equation (1.1.25) as



PP (w;) = egde Ay A expli(—wit + (k, — ko)r)] + c.c., (1.2.6)

where A, and A, are the complex field amplitudes of signal and pump, respectively. For the next step
we recall Maxwell’s equation introduced in Chapter 1.1.1. By applying a curl to Faraday’s law (1.1.1c)
we get

B B\ 0 Eq.(1.1.1d) 9°D
Vx(VXE)=V x (— e ) = —at(v x B) = —Ho 5z (1.2.7)

where we assume a nonmagnetic material in the last step. Using identity (1.1.8) we rewrite the expression
as

0’D
ot
At this point we have to take into account some considerations. First, we assume similarly to Section
1.1.1 the material to be non-conductive, meaning there are no free charges (p = 0). Consequently, instead
of using Maxwell’s equation (1.1.1a) we can directly utilize Maxwell’s equation for no free charges (1.1.5).
Secondly, for o-rays in the case of an isotropic material (n, = n, = n,) the electric field E reduces to just
a scalar multiple of D according to Equation (1.1.4). In return, the electric field E becomes divergence-
free too. Moreover, we assume only a weak birefringence [56] so that E and D keep a similar orientation
and therefore obtain V - E & 0 in any case. This assumption let us omit the first term of Equation
(1.2.8). By inserting Equation (1.1.2) the expression reads

V(V-E) - VE = —yp (1.2.8)

0’E o’P
e + Moﬁ.
Without loss of generality we may define the propagation to be along the z-axis so that every V simply
becomes a 9/0z operation. The corresponding scalar form can then be found to be

V2E = poeo (1.2.9)

0’FE 0’F 0*pP
7 = Ho0 g —

Recalling the scalar field counterparts of Equations (1.2.4), (1.2.5), and (1.2.6) for the idler field and
inserting them into the preceding expression yields

524,
;<kai + 2iki% + o4,

(e = 1 i(—w; .
aZ 822 ) . e'L( it+k; ) I 5#0600}22147(1 + X(l))e ( itk )

(1.2.11)
— ,uoeow?defprA:ei(*wiH(kp7]“5)2).

We here replaced the tensor x(? /4 with the scalar effective nonlinear coefficient deg as described in
section 1.1.3. Using the slowly varying amplitude approximation

< |k , (1.2.12)

022 "0z
allows us to cancel the third term of the left-hand side of Equation (1.2.11) and subsequently enables
simplified rewriting. Furthermore, we can make use of the identity ppeq = 1/¢? and Equations (1.1.21)
and (1.1.11) to obtain

20 ¢ |2

. 0A; w;
Miy—F/— = —

0z

This expression introduces the phase or momentum mismatch vector

de .
T A,A%eAF, (1.2.13)
C

Ak = ky — ky — k. (1.2.14)

This helps in transforming Equation (1.2.13) into an ordinary differential equation simplifying further
calculations. The integration over z yields

Ay =2 4 4 g, (1.2.15)
C

T



where I(z) reads

L
I(z) = /emkzdz
0
1

iane|” (1.2.16)

2k,
2 iakLj2

AkL

= — sin| — .
Ak© 2

The upper boundary of the integral is length L over which the light interacts with the non-linear medium

and corresponds to the crystal length for our case. The total expression of the complex idler field

amplitude is therefore reduced to

widef

A =i LA, A A 25inc(AKL)2), (1.2.17)

n;c
with sinc(z) = sin(z)/x. The complex field amplitude cannot be determined with any measurement

directly. But we can convert it to an observable such as the field intensity I. The idler field intensity is
given by the magnitude of the time-averaged Poynting vector [56], given by

n
I = 2 1.2.18
ol (1:2.18)
Inserting the complex field amplitude into this intensity expression, we obtain
242 AEL
I = 2%l 72)4 2|4, 2sinc? [ =2 ). (1.2.19)
2ugn;c? 2

Replacing the complex amplitudes of pump and signal fields with the help of Equation (1.2.18), the idler
intensity simplifies to

2pow?d? AEL
= ML%},LSHKF <2> (1.2.20)

NpNsN;iC

I;

It is important to note that the intensity of the idler field is linearly proportional to both pump and
signal fields as well as proportional to the distance traveled by the light within the medium squared. The
sinc-function reaches its maximum at zero, leading to highest intensities at zero wavevector mismatch.
With higher momentum mismatches the signal intensity decreases rapidly. This becomes more evident
in a discussion later within this section.

1.3 Spontaneous Parametric Down-Conversion

As claimed in the previous chapter, processes with a single coherent input field such as spontaneous
parametric down-conversion cannot be treated purely classically. However, its similarity to DFG allows
us to take an analogous description. By replacing the signal field with vacuum fluctuations as depicted in
Figure 3 we directly force quantum-mechanical operators onto the classical approach. Despite operators
now introducing some quantum-mechanics, its framework remains classical. Unsurprisingly, the approach
is therefore denoted as the semi-classical description. We find the newly defined quantum-mechanical
field operators to be separated into negative and positive field operators,

E=E'+E". (1.3.1)
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Its components are given by the field quantization theory as [53]

o Z /ﬁ (1) (k) e/t K@)y gy, (1.3.2a)
p—i1 26071
pn= :I:l

with quantization volume V. The quantum-mechanical creation and annihilation operators a7 (k), a") (k)
acting on photons with polarization p and momentum k and obey common bosonic commutations rela-
tions:

(@) (K), a1 (K)] = eiedpr, and [0 (K'),a™ (k)] = [T (K), a1 (k)] = 0. (1.3.3)

In future references the frequency dependence of annihilation and creation operators, refractive indices,
and wave vectors will not be written explicitly. Let us now consider a monochromatic plane wave for the
signal which conveniently omits the integration over frequency w in (1.3.1) and so that

E= ié’(a(“)ei(_“t+kr) — a(”)Te_i(_“tJrk’r))7 (1.3.4)

where £ takes into account all terms under the square root. Comparing coeflicients after application
onto the vacuum state |0) together with the classical field operator introduced in the previous subsection
(1.2.4) yields the signal field amplitude

A =20 ") (k) |0)

1.35
& =2, |k, 1), , (1.3.5)

where we again consider propagation direction along the z-axis for simplicity. The quantum state |k, z)
describes the one photon quantum state for a photon with wavevector k and polarization u. We need to
keep in mind that for annihilation operators acting on the vacuum state a(*)(k)|0) = 0 applies. Using
the intensity amplitude relation introduced in Equation (1.2.18) yields for the signal vacuum fluctuation:

2n|E)?
[, = 2slésl (1.3.6)
foc
Resubstituting £ and using the identity ¢ = 1/(eguo) leads to
hwgce
Iy = —— 1.3.7
- (137

for the vacuum signal intensity. This expression can directly replace the signal intensity of the classical
solution for DFG (1.2.20) and thus characterizes the semi-classical result for the SPDC idler intensity:

QuoﬁwzwsdQH 9 . of AKL
ligc = —2+—<L°] — . 1.3.8
4,SC npnsniV; pSINC 5 ( )

For obvious reasons, the signal field intensity dependence dropped so that the idler field only remains
dependent on its only input, the pump field.

W= - - -~ g (2) [f-——rws ;
Q)p—> X (l)p
] o,

Figure 3: Schematic of SPDC; wy, ws and w; correspond to pump, signal and idler frequencies respectively
(left) together with its energy diagram (right). Continuous lines represent coherent fields and dotted lines
correspond to vacuum fluctuations.

11



1.4 Phase-Matching

As hinted at in the previous section, energy conservation (1.2.2) must hold for all three-wave mixing
processes. However, it does not necessarily satisfy the phase-matching condition of Equation (1.2.14)
simultaneously. This is because the wavevector inherently depends on the refractive index in addition to
the frequency according to

k| = . (1.4.1)
C

The refractive index not solely depends on the crystal’s material but also on its lattice type and sub-
sequently also its growth orientation. These properties impose direction and polarization dependencies
onto the refractive index. The latter can be quantified according to Section 1.1.2 by defining an ordinary
(extraordinary) refractive index m, (n.). These properties can be exploited in order to meet the phase-
matching condition. For some cases it is possible to cut or tilt the crystal in a way that the pump beam
impinges onto the crystal at an angle 0 eliminating the wavevector mismatch. This technique is referred
to as birefringent phase-matching. In other cases, periodically poled crystals are used to circumvent the
high precision alignment required in birefringent phase-matching, and allowing for collinear three-wave
mixing. Here crystals are manufactured in such a way that every unit distance the sign of the crystal’s
effective nonlinear optical coefficient is flipped. This generates an additional term which compensates
for the mismatch in a process called quasi phase-matching.

intensity / arb. units

7 mm
---5mm
——3 mm

=====5 Ak X pm

Figure 4: These curves represent crystal phase-matching tolerances depending on its length. We find the
phase-matching efficiency to decrease at lower values for the wavevector mismatch Ak = ky — ks —k; for
shorter crystals. Higher crystal length, on the other hand, may induce significant walk-off effects (see
Section 1.4.1).

1.4.1 Birefringent Phase-Matching

Previous Sections showed that in order to maximize SPDC photon pair production according to the
semi-classical approach (1.3.8), the wavevector mismatch has to be eliminated. This, however, is often
difficult to achieve because the refractive index of transparent (and therefore nearly lossless) materials in
the frequency range of w, to w; is often subject to normal dispersion — the refractive index increases with
frequency. This poses a problem considering the wavevector mismatch can be rewritten with Equations
(1.4.1) as

NpWp  NeWs  NiW;

(1.4.2)

c c c
Quantities of n,, ng, and n,; are refractive indices of pump, signal, and idler beam, respecting their
wavelength, polarization and direction. For SPDC photon pair generation where w, > w,; > w;, Equation
(1.4.2) and the energy conservation cannot be satisfied simultaneously in regard of normal dispersion.
Rearranging Equation (1.4.2) gives:
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np —ns = (n; — ns)&. (1.4.3)
Wp
Since for positive birefringent crystals normal dispersion dictates that n, must be higher than ng, the
left-hand side becomes positive in this particular case. On the other hand, ns must also be greater than n;
and therefore the right-hand side contradicts the previous statement by becoming negative. Nevertheless,
it is technically possible to achieve the phase-matching condition exploiting anomalous dispersion, which
describes a decreasing refractive index with increasing frequency. It is however more conventional to
exploit the birefringence of the crystal which enables the refractive index’s polarization dependency.
Except for purely cubic crystals (isotropic), all crystal systems show birefringent behavior up to some
level. However, even if crystals show birefringence they are not necessarily able to compensate for normal
dispersion. For phase-matchable crystals it is still necessary to select the waves’ propagation direction
carefully — e.g. the highest birefringent refractive index for the pump beam and so on. As for the case
of a positive birefringent crystal, we choose the pump to propagate as an extraordinary beam (compare
with Figure 5). Additionally, since we operate at type-II SPDC the signal and idler propagation are
chosen accordingly:
€

e—o+e or npw,=ngws+njw;. (1.4.4)

The orthogonality of signal and idler polarization does not only help with their separation but also with
phase-matching, which gets substantially easier for non-degenerate SPDC i.e. ws # w;. The process of
optimizing the refractive indices at the frequencies of pump, signal and idler, can either be done by angle
or temperature tuning where in most cases it is a combination of both.

I I I I
ordinary refractive index n,
- - - extraordinary refractive index n.

— N
Nej [\ —
T l T
| | |

refractive index

—_
co
T

’
/
/
|

1.7 s
|
0.4 0.6 0.8 1 1.2 14 1.6 1.8 2

wavelength /nm

Figure 5: Typical ordinary and extraordinary refractive indices for a KTP crystal (see Appendiz B).

The angle tuning method exploits angular dependence of the material’s refreactive index in order to
achieve the phase-matching condition of Equation (1.4.2). It works with both uniaxial and biaxial crys-
tal systems; calculations however, are much more complicated for biaxial systems than for uniaxial crystal
systems. For uniaxial crystals, we find two distinct refractive indices such as described in Section 1.1.2.
They are a result of the birefringence theory describing the angle dependent extraordinary refractive
index nes(f) (1.1.16). However, Equation (1.4.3) does not necessarily yield a solution for any birefrin-
gent crystal. In some cases the birefringence can be too weak to compensate for the dispersion in the
linear refractive index. In this case the right-hand side shows values above unity which then obviously
can not be matched by any 6. Unfortunately, when angle tuning, the Poynting vector S = ;Tlo(E x B)
and wavevector k are not parallel for extraordinary rays, and consequently extraordinary and ordinary
beams quickly diverge. This so called walk-off effects diminish the efficiency of the mixing process.
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However, certain crystals exhibit strong temperature-dependent birefringence which can be used to avoid
such walk-off effects. So instead of only angle-tuning the crystal for the phase-matching, the temperature
dependence can be used to fine-tune the alignment.

1.4.2 Quasi Phase-Matching

Another way of increasing down-conversion efficiency is quasi phase-matching introduced by Armstrong
[63]. Starting by rearranging the classical field amplitude of the DFG mixing process of Equation (1.2.17)
we find

A
A, x deﬂ‘Sin(;Z>. (1.4.5)

The electric field amplitude increases in the region of 0 < z < Lo, , with the coherence length

Leon = 7/ Ak, (1.4.6)

but decreases in Leoy, < 2 < 2Lcon. Due to the periodicity of the sine, we find it to be overall increasing
in the interval {j - Leon, (j + 1) - Leon }, with j being an even integer, and decreasing elsewhere. In order
to get a continuously growing signal intensity, a proposed technique is to alternate the sign of deg as
shown in Figure 6 given by

2mz

desp(2) = deg - sign [m(/lﬂ : (1.4.7)

with poling period A. Redoing calculation steps of Section 2.2, starting with Equation (1.2.13) with a
periodical deg(z) we find I(z) of Equation (1.2.16) to be:

L
I(z) = /deﬁ‘(Z)eiAkde. (1.4.8)
0

A

Figure 6: Schematic representation of a second-order monlinear, periodically poled material with altered
crystal orientation every half poling period.

Since deg(z) is periodical we can use its Fourier series to write

dot(2) = dot Z G exp(ikm 2), (1.4.9)

m=—0o0

with G, = (2/mn) sin(mn/2), k,, = 2rm/A and m as the Fourier order. Reinserting everything back
into Equation (1.2.15) we find

L

W . = 3 a
Ay = anCLApAi Z deﬁ/exp(zAkmz)dz, (1.4.10)
m=—o0 0
while defining
Y 2y (1.4.11)

and
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doft = detGm. (1.4.12)

The nonlinear coupling coefficient degr here depends on the mth Fourier order. The integral can again
be solved similarly to Equation (1.2.16) so that it reads

A/%mL)

Is x Lzsincz( (1.4.13)

which shows the same shape as for the non-periodical dog(2) given in Equation (1.3.8) except for a newly
defined phase mismatch of

Ak = Ak — kyy = 0. (1.4.14)
Using both prior definitions for phase mismatch Ak and k,,, the new phase matching condition reads
~ 2
Al = ki — kg — ki — % (1.4.15)

Comparing it with expression of Equation (1.4.14), it becomes obvious that the relation for the poling
period follows

2
A= Zom. (1.4.16)
Since deg tends to decrease at higher orders of the Fourier coefficients m, it is preferable to always achieve
quasi-phase matching in a first order interaction (m = 1). As a consequence of the quasi phase-matching,
the signal field intensity increases consistently because the additional term in (1.4.15) compensates for any
phase mismatch. The case of quasi phase-matching is depicted against perfect and non-phase-matching
in Figure 7 (left).

In order to operate a single-photon source with a ppKTP crystal as the core element of an heralded
single-photon source, it is necessary to design its poling period according to the quantum memory’s
acceptance requirements. As the crystal’s refractive indices may also contain a temperature dependency,
described by the Sellmeier equations, it is necessary to include a temperature dependence in the quasi
phase-matching condition of Equation (1.4.15). By solving it together with the energy conservation,
we find solutions for corresponding signal and idler wavelength similar to what is depicted in Figure 7
(right). Since we aim to operate the source in a temperature range from room temperature up to 50 °C
we require a poling period A = 10.1 um.

1.5 Influence of Cavity Mode Structure on OPO Tuning

Down-conversion photon pair sources are by nature broadband sources and exhibit bandwidth up to a
couple of THz [64]. In order to contain the photon’s bandwidth within a MHz regime it is necessary
to design an OPO resonant for signal and idler waves. Its length defines the separation, or free spectral
range (FSR), of the transmitting modes given by

:ﬁ or ch:E

where n is the refractive index behaving according to the Sellmeier equations (1.1.15). In order to reduce
the resonances’ full width at half maximum (FWHM) to match the quantum memory it is necessary to
establish the cavity’s finesse

Av (1.5.1)

F- LI (1.5.2)

(17
Qarcsm( SR >
which purely depends on the fraction p of the power left after one cavity round-trip. The FSR di-
vided by the finesse defines the transmission peaks’ FWHM. By increasing the mirrors reflectivities we
can consequently reduce the resonance’s bandwidth to match them with the quantum memory. For

the case of the doubly resonant OPO, meaning both mirrors show highly reflective dielectric coatings
for signal and idler frequencies, two comb structures build up simultaneously each depending on the
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Figure 7: Comparison of signal field amplitudes in the crystal for three cases; phase-matched, non-phase-
matched and quasi phase-matched (left). The solutions for signal and idler wavelengths from energy
conservation and quasi phase-matching condition for temperature depended refractive indices given in
Appendiz B (right). In order to satisfy both conditions a target wavelength of 795nm and a pump
wavelength between 403.5 nm and 404.5 nm, we expect that the crystal needs to be operated at 30 °C if we
choose A = 10.1pm.

other due to energy conservation. However, due to the frequency dependence of the refractive indices,
we find frequency combs of different separations imposed by Equation (1.5.1). The oscillating mode
is then strongly favored under phase-matching conditions proposed in chapter 1.4. Consequently, the
oscillating mode might be far from either closest modes of the idler and signal comb (compare with Fig-
ure 8). This is also the reason for doubly resonant OPOs not to tune smoothly. The resulting effective
mode structure is a product of the mode structures given by signal and idler waves as depicted in Figure 9

| D S

N

¢ FWHM

Figure 8: Representation of two OPO resonant structures such as in a doubly resonant OPO. Due to
opposite directions of idler and signal azes, every point on the axis obeys energy conservation. Oscillation
only occurs at the point closest to Ak = 0 at which the double-resonance condition is satisfied.

Since both signal and idler photons propagate within the resonator it is necessary to introduce the energy
mismatch

(m) _ gyl

S

Aw =wp —w (1.5.3)

)

where wgm) and wgm) are the signal and idler crystal mode frequencies accepted by the resonator geometry,
respectively. Clearly, signal and idler frequencies are still underlying the energy conservation introduced
in Section 1.4 and therefore Aw ~ 0. However, considering these modes exhibit a non-zero linewidth, we

find renewed boundary conditions for pair production:
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Aw < FWHM, (1.5.4)

with FWHM as the spectral width of a typical cavity mode. In order to calculate the spectral separation
between two clusters as illustrated in Figure 9 we need to start by estimating the frequency difference
between a signal and an idler FSR:

we [(n; — N
0(Aw) = T ( . ) (1.5.5)
Subsequently, we try to find the spectral distance between the points of phase-matching Ak = 0 and
Aw = 0 as depicted in Figure 8. It is very unlikely to find both conditions satisfied simultaneously.
In fact, the spectral difference between these two points can become very large for small differences
in signal and idler refractive indices. However, this spectral difference is limited since after a certain
number of FSRs, another, more suitable cluster for satisfying the conditions appears, provided that the
phase-matching bandwidth is large enough. This effect prevents the energy mismatch from exceeding
half an FSR in both directions. Summing up the maximum spectral difference for both direction gives
a total energy mismatch of one FSR. Consequently, assuming the cavity FSR for signal and idler to be
similar (ns & n;), the number of modes separating two clusters is

FSR
N = . 1.5.6
d(Aw) ( )
Multiplied with the typical cavity FSR yields the spectral cluster separation according to [41]
e 1
Aweluster = FSR-N &~ — - . 1.5.7
Welust L ng—n; ( )
1 1 A 1 ws
T ™~

T ™~

e

Figure 9: Frequency combs of signal (bottom) and idler (center) and their product (top). It is displayed
for the case of a central frequency satisfying both Ak = 0 and Aw = 0. The height of the peaks are
limited by the phase-matching envelope.

O‘)Zo‘)pwsm

1.6 Correlation Functions

In order to quantify the performance of light sources, some mathematical tools together with a certain
quantum-mechanical know-how are needed. In the 1960s, Glauber and others showed the construction
of quantum correlation functions by using the atom-field interaction Hamiltonian given by

HD = —d - E(r, 1), (1.6.1)
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with d being the dipole operator. The first and second-order correlation functions with their normalized
counterparts are given by [65]:

GV (ry,ty,r0,t0) = (W E(r1,t1)Et (rg, t2)|0), (1.6.2a)
G (ry,t1,ro,ts)

VGO (ry,ty,11, 1) - GO (rg, by, ro,ts)
G(Q)(rl,tl,r27t2) = (Y|E~ (r1,t1)E~ (ra,t2) ET (ra, t) E1 (r1,11)|0) (1.6.2¢)
G (ry,t1,ra,ts)

GO (ry,ty,r1,t1) - GO (rg, ta, 1o, ts)’

g (r1 1,10, 1) = (1.6.2b)

g (r1 1, 1o, t0) = (1.6.2d)

with electric field operators E+/~ according to definition of Equation (1.3.1) for positive and negative
frequency parts respectively. In order to account for important two photon statistics of the photon
pair source we need to consider correlation functions at least up to second-order. These can be used to
examine whether the extracted quantum states meet the requirements imposed by the quantum memory.

To examine the photon statistics of our heralded single-photon source, we initially measure the auto-
correlation functions. We expect signal and idler arm to show individually a thermal statistics resulting
in bunching peak at zero time delay 7 between detector 1 and 2 [66, 67]. In fact, according to [41] the
autocorrelation reaches a value of

9$(0) =1+1/n, (1.6.3)

where n is the number of modes and x stands for either signal or idler. This is due to the inherent
thermal photon statistics of each individual arm for signal and idler photons [68]. In practice, we
expect the photon statistics to go as high as 2 for a single mode. However, this applies only for photon
generation probabilities per coherence time p well below unity, or pump powers far below threshold. By
restraining the pump power we can strongly suppress higher order IV photon pair number states whose
success probability scales with P oc p’. Furthermore, if the source’s crystal does not support ultra
narrow modes, one needs to take into account the photons bandwidth. The ideal shape of the photon
autocorrelation is given by [69] as

gD (1) =14 exp(=2|7|/70). (1.6.4)

where the coherence time 79 = 1/(27FWHM) for a Lorentzian line shape, such as for the emerging
photon pairs of the source.

Conditioning the the signal autocorrelation upon an idler detection event retrieves additional statistics
of the single-photon character of the source. We expect it to increase with higher pump power which
accounts for higher photon generation rates. However, as implied earlier in this Subsection, by increas-
ing the pump power, the photon generation probability per coherence time p increases and consequently
increases the probability of higher order photon pair generation events. These higher order events ma-
nipulate the statistics in a way that at high powers we cannot be certain to have generated only a single
photon pair. The higher order photon states contaminate the single-photon character of the source so
that it becomes unusable for any storage applications.

Finally, to ensure that the source emits explicitly photon pairs it is advised to check the crosscorrelation
between signal and idler photons. We expect to see that

g2 (0) > 2, (1.6.5)

which implies super-thermal bunching according to [68] and thus indicates signal-idler pair generation.
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2 Doubly Resonant Monolithic OPO with Double Pass Pump
Scheme

In order to set up a compatible single-photon source to operate the warm rubidium vapor quantum mem-
ory proposed by Wolters et al. [48] with, we need to design our source according to the requirements
imposed by the memory’s specifications. First, the wavelength of the single photons must match the
memory’s target wavelength which is here given by the D; line of ¥’ Rb atoms at A = 795 nm [70] with a
small detuning in the order of 1-2 GHz. Second, the bandwidth of the photons has to be matched to the
accepting bandwidth of the memory. Fortunately, the rubidium memory shows a relative wide acceptance
bandwidth, which allows for pairing with a narrow bandwidth photon-source [51]. In order to meet the
memory’s bandwidth requirements we need to generate photons with a spectral width between 100 MHz
and 1 GHz. Third, high extraction or heralding efficiencies are necessary to surpass readout noise. In
order to achieve a unity readout signal-to-noise ratio, heralding efficiencies of 25% and higher are needed.
Finally, it is required to exceed herald rates of 50000 counts/s to be three orders of magnitude higher
than the dark counts.

There have been a number of different ideas to set up a single-photon source with SPDC [71, 72] but
we decided to iterate a triply resonant monolithic OPO with multi-pass pump scheme design [51] which
has been successfully paired with our memory [50]. As a central element, the source uses a ppKTP
crystal with highly reflective dielectric coatings on both facets for signal, idler, and photons. This design
enables pump light recycling but accelerates gray-tracking in the crystal which decreases its performance
significantly. In order to slow down gray-tracking we implement a double-pass pump scheme by omitting
one high reflective dielectric coating for 404 nm. In return, we lose the ability to lock the pump laser
onto the laser transmission modes of the crystal. It is therefore necessary to install an external cavity to
lock the pump laser. For long time measurements our aim is to reduce the frequency drifts of the cavity
to 10 MHz/h in a time window of 10 hours.

2.1 Setup

Similarly to the previous version of the SPDC heralded single-photon source, we use a ppKTP crystal as
a central element with a curved and a planar facet to form a stable hemispherical cavity. In contrast to
the prior version, we omit high reflective dielectric coatings for the grating stabilized 404 nm diode laser
on the curved facet. The idea is that the pump light penetrates into the curved facet and down-converts
into a signal (A\; = 795nm) and idler (\; = 822 nm) photon pair according to the phase matching theory
of Section 1.4. The crystal’s reflective coatings for signal and idler photons are chosen so that the emer-
gence of photon pairs is strongly biased towards the planar facet. To the right of the crystal in Figure 10,
a high transmission longpass filter (AHF Analysentechnik) is installed to reflect the transmitted pump
light so that it does not contaminate the signal. Subsequently, a A/2-waveplate rotates the polarization
of signal and idler photons which are initially polarized vertically and horizontally respectively. This
is necessary to exploit the polarizing beamsplitter’s significantly better performance in transmission for
signal photons which results in a better heralding efficiency.
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Figure 10: Experimental setup used to pump the OPO and to collect SPDC photon pairs in optical fibers.
The crystal is coated so that the photon pairs are strongly biased to exit the planar facet. The longpass
(LP) reflects residual pump light and the A\/2-waveplate rotates the idler and signal polarization. By
doing so we can exploit that polarizing beamsplitter (PBS) exhibit better performances in transmission
than reflection. The filter stage for the idler photons includes an etalon and an interference filter (IF)
to spectrally select a single emission mode. SP: shortpass filter. PD: photodiode. RC: reference cavity.
EOM: electro-optical modulator.

In order to allow any characterization measurements or to utilize the heralded single photons for storage
experiments, we directly couple signal photons into an anti-reflection coated, single mode, polarization
maintaining fiber. The idler photons, on the other hand, are filtered with a etalon and an interference
filter to a single emission mode of the cluster. The temperature controlled etalon shows, with a thick-
ness of 1.00(5) mm, an FSR of 102(5) GHz and an FWHM of 1.8(1) GHz. Its transmission maximum
is at 93%. The interference filter depicted in Figure 10 is angle-tuneable and transmits > 90% with a
FWHM=0.57(5) nm at 822nm [48].

Since we omit the reflective coating for the 404nm laser on the planar facet, we not only limit the
number of round-trips of the pump light but we lose at the same time a reference cavity for the laser. To
compensate for the missing lock, we installed a A/2-waveplate in a rotational mount in combination with
a polarizing beam splitter right after the pump laser which reflects less than 10% to a reference cavity.
The cavity is a hemispherical design, equipped with a 10 cm cylindrical Zerodur spacer which forms a
passively stable cavity. Since the cavity does not provide any degrees of freedom, we need a broadband
electro-optical modulator (EOM, from Qubig) to generate sidebands to overlap with the target frequency
to lock on. The lock-in amplifier then generates an error signal which feeds the PID controller of the
laser.

2.1.1 ppKTP Crystal

The core element of the heralded single-photon source is a ppKTP crystal (grown by Raicol Crystals,
polished by Photon LaserOptik, and coated by Lens-Optics and Laseroptic for the planar and curved
respectively) with dimensions of 1 x 2 x 5 mm? (Figure 11). It is polished to form a hemispherical Fabry-
Pérot resonator for both the signal and idler wavelengths, where the curved facet exhibits a radius of
curvature of 10 mm. Specifically, the high reflective dielectric coatings for the planar (curved) facet are
designed as Ri’/i =91.5% (Rg,; = 99.9%) for the signal and idler frequencies, and R} = 99% (R}, < 1%)
for the pump frequency. The dielectric coatings are used for bandwidth control of the photons, specifically
of the signal photons, to ensure compatibility with the memory. The coatings are carefully chosen so
that we find a finesse of F = 69.9 with Equation 1.5.2. The fraction of power left after one round-trip is
p=99.9% x 91.5% = 91.4%. Finesse expressions of Equation (1.5.2) and

PSR
~ FWHM’

together with the expression for the FSR governed with Equation (1.5.1), we find the theoretical values
for the signal (idler) FSR=17.1 (16.3) GHz and the signal FWHM= 244 MHz.

(2.1.1)
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Figure 11: The ppKTP crystal has a curved (black mark) and a flat facet (left). It is clamped between
two copper plates placed in a PEEK housing (right, stripped for demonstration) with a peltier element
underneath, thermalizing the crystal. The peltier element generates a temperature difference between the
object (copper plates and the crystal above) and the heat sink (aluminum plate below). The temperature
is controlled with two temperature probes placed at either plate connected to the printed circuit board
attached to the right side of the housing. The PEEK screw on top and the two heating rods connecting
the two copper plates are currently redundant.

The crystal is designed with a poling period A = 10.1 pm, which is used for the down-conversion to obey
the type-II quasi phase-matching conditions of Section 1.4.2. Using the temperature dependent refractive
indices of Appendix B, we can estimate at what temperature the conditions are satisfied. By simply
inserting them into the quasi phase-matching conditions, Equations (1.2.2) and (1.4.14), we find results
displayed in Figure 7. In fact, we find for a pump wavelength of 404 nm a crystal temperature of 30°C
which coincides with the design temperature, introduced in chapter 1.4.2. Pump wavelength and crystal
temperature are the most important parameters to work with because they greatly influence the phase-
matching conditions. As a side-effect, they also influence the crystal’s dimensions, most importantly the
crystal length. These length variations change the cavity FSR and the crystal’s poling period, imposing
a new set of phase-matching conditions. Since it becomes difficult to generate a model accounting for all
factors, it is advisable to fine-tune the working parameters experimentally.

2.1.2 Sideband Offset Lock

The 404 nm diode laser is not locked and therefore exhibits significant frequency shifts up to 100 MHz/h
in normal working conditions. In order to manage long term measurements up to 10 hours while keeping
the shifts rate well below 10 MHz/h, we require a laser lock. We opted for an external cavity with
hemispherical design with a length of 100 mm, embedded in a thermally stabilized environment and with
the option of being evacuated. The hemispherical resonator design is proven to support large mode size
differences and is therefore implemented as a fail-safe option [73]. This cavity design is therefore optimal
to form a passively stable cavity. In combination with an EOM, this is a design proven to be suitable to
support a lock-in amplifier sideband offset lock which enables tuneability due to the sideband modulation.
The cavity spacer is a low thermal expansion Zerodur cylinder equipped with a spherical and a planar
mirror showing reflectivities of 92.5% and 99% for signal/idler and pump wavelength respectively.

2.2 Difference Frequency Generation

Given by its spontaneous nature and the pump operation regime far below threshold, SPDC single pho-
tons are not so numerous to enable any coarse adjustment. In order to perform initial coarse adjustments,
we use laser light from a calibrated 795 nm diode laser (from now on referred to as seed laser) to mimic
both signal and idler photons. For this purpose it is coupled backwards into the signal arm (see with
Figure 10) and mode-matched onto the crystal. To use the seed light for filter stage adjustments, a \/4-
waveplate is placed between the longpass and the A\/2-waveplate. The A/4-waveplate changes the light’s
polarization on the way to the crystal and after the reflection from the crystal surface and therefore ro-
tating the polarization by 90°. Instead of transmitting through the PBS it now gets reflected in the idler
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arm where it can be used to tune the filter stage. However, to fine-tune spectrally sensitive elements,
such as filters and couplings, we need photons at exactly the idler wavelength at around 822 nm. These
photons can be generated by stimulating, or seeding, the pumped crystal following the DFG theory and
therefore generating much higher pair rates. The emerging stimulated photon pairs behave accordingly
to the energy diagram shown in Figure 2 and show identical properties to the SPDC signal and idler
photons. The high photon rates not only allow for coarse adjustments, but also to effortlessly operate
spectral scans to resolve emission cluster in relatively a narrow spectral range compared to a spectrome-
ter. Furthermore, it promotes the tuneability of the source by enabling easy switching from one emission
peak to another.

Another advantage of the DFG operation over SPDC is that it enables optimization of the filter stage
placed in the idler arm (see Figure 10). DFG allows us to optimize the temperature of the etalon and the
angle of the interference filter for maximal transmission of the target frequency. Overall we accomplished
a peak transmission efficiency for the total filter stage of about 87%.

2.3 Crystal Characterization Measurements

The coatings provide a resonator cavity for signal and idler wavelengths within the crystal. We probe
the crystal with the 795 nm seed laser in order to observe a transmission mode spectrum on PD;. The
spectrum, depicted in Figure 12, shows an FSR of 17.5(2) GHz which agrees well with the theoretical
value of 17.1 GHz. The transmission peaks exhibit a FWHM of 373(1)MHz which converts together by
way of Equation (2.1.1) to an experimental cavity finesse of 32(2).

—— misaligned cavity modes
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Figure 12: These are the modes to be found for a slight misalignment of the cavity (black) and for an
optimally aligned cavity (red) observed with PDy in Figure 10. The snapshots below are obtained using a
camera to analyse individual modes from left to right in order of increasing frequency. The mode pictured
on the far left corresponds to the fundamental mode and should be optimized in order to proceed.

After characterizing the mode spectrum of the crystal with the seed laser, we planed to seed the pumped
crystal to operate DFG in order to verify the alignment of the pump laser and the working parameters
— crystal temperature TxTp and pump wavelength Apump. The crystal temperature and pump wave for
which we created our crystal for are 30 °C and Apymp = 404 nm (compare with Figure 7, right). However,
DFG can only be generated if the signal target frequency coincides with one of the transmission modes
of the crystal. Considering that a shift of the cavity spectrum of the crystal by one FSR occurs for a
temperature change of around 3 °C, we found two temperature settings adjacent to 30°C: 29.3°C and
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32.3°C, governed by probing the crystal with only the seed laser. The pump wavelength, however, is not
tied to the any transmission conditions of the cavity and can theoretically be tuned continuously. By
testing both temperature settings with the pump laser detuned around the target frequency, we could
generate an initial DFG signal.

In a subsequent step, we tried to verify the best possible working parameters in proximity of the de-
sign parameters. By doing so, we switched to SPDC operation for which we could use a single-photon
spectrometer with a deep cooled scientific CCD camera with ultra-low-noise electronics (from Princeton
Instruments, Figure 13 left). Instead of being limited by the scan range of the seed laser, the spectrome-
ter resolves over multiple nanometers. By playing around with the working parameters, we could verify
the behavior of the emission peaks. Increasing the crystal temperature within a small range, as depicted
in Figure 13 (left), shifts the emission cluster peaks towards longer wavelengths. This is on the one hand
caused through temperature-dependent refractive indices and on the other due to changes in the crystal
length. Wavelength changes, however, affect the emission peaks in less predictable way. In theory, wave-
length shifts do not move the transmission peaks since they only depend on the crystal temperature but
not on the pump wavelength. So as we change the pump wavelength, we expect the heights of the peaks
to vary according to the energy conservation. In practice however, we experience shifts in the transmis-
sion peaks which are induced by temperature changes introduced by the pump laser as depicted in 13
(right). These are apparent for large pump detunings as the pump laser may not tune smoothly. Addi-
tionally, the crystal’s absorption does not necessarily have to be the same for all wavelength in this range.

—27.5°C —.200 nm
2 | ——98.2°C N ——.218 nm
—28.5°C 3|— .223nm .
o o
o o
S 15 3
~ -~
n n
= iz
= S
S 1 3
05 | » | - \ A | \ ' | | | | |
793.5 794 794.5 8TRH D, 795.5 793.5 794 794.5 87Rb D, 795.5
wavelength /nm wavelength /nm

Figure 13: Effects of changes in the crystal temperature on the emission spectrum of the crystal measured
with a spectrometer over an integration time of 15 seconds at a pump power of 3mW and at a pump
wavelength Apymp = 404.218nm (left). By increasing the temperature the peaks shift to longer wave-
lengths. For a temperature change of 3°C the spectrum shifts one cavity FSR. The height of the peaks
is determined by the phase matching envelope. Changes in the pump frequency are harder to examine
(right). These spectra are acquired for a crystal temperature Tgrp = 29.3°C and pump wavelengths
around 404.2nm. In theory, they should shift the phase-matching envelope while the emission peaks re-
main at their initial position dictated by the transmission spectrum of the crystal. Pump light absorption,
however, heats the crystal and complicates simulations. The differences between 404.2nm and the other
measurements may be due to different pump laser performance or the difference in absorption for these
wavelength.

In conclusion, in order to find optimal working parameters for SPDC operation it is required to fine-tune
both parameters since they are intertwined. In the end, once the three conditions for energy conservation,
phase-matching, and crystal transmission are fulfilled by the two degrees of freedom, we find a strongly
pronounced emission peak. In fact, this can be done for any particular target frequency in the vicinity
of 795nm and ensures convenient tuneability of our source. For our target wavelength, situated at
the 8"Rb D; line, we found parameters Txtp = 29.3°C and Apump = 404.218 nm. The corresponding
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emission spectrum is shown in Figure 14. Overlaying the spectrum with its corresponding idler spectrum
and seed laser tuned to the target frequency ensures that the spectrum is not contaminated and that
miscalibrations of the spectrometer are excluded. Additionally, we scanned the strongest emission peak
with the seed laser to resolve the adjacent peaks as depicted in Figure 14 (right). By doing so, we found
that the central peak contributes to more than 75% the total emission of the cluster.
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Figure 14: The SPDC spectrum shows a highly pronounced peak which is overlaid with its corresponding
idler spectrum around 822nm for an integration time of 15s and a pump power of 3mW (right). In
order to check the degree of overlap of signal photons of the down-conversion crystal with the target
frequency, we used the seed laser tuned to the transition frequency as a reference. We found optimal
working parameters for a strongest pronounced cluster emission peak to be Txrp = 29.3°C and Apymp =
404.218 nm. This strong emission peak can be better resolved in the DFG operation as a function of
the seed laser detuning (right). For this particular spectrum we scanned over 50 GHz around the target
frequency and found that smaller adjacent double peaks of the strongly pronounced cluster are separated
by around one signal and idler FSR, respectively, from the central peak.

2.4 Reference Cavity Characterization Measurements

In a first step, we coupled a 795 nm laser equipped with a Doppler-free saturation spectroscopy of a ru-
bidium vapor cell into the cavity. The atomic spectroscopy serves as an absolute frequency reference for
the cavity modes and therefore helps to examine if there are any higher order modes spuriously coupled
into the cavity. In our case, we found cavity modes separated with 1.45(3) GHz which coincides with the
theoretical value governed by Equation (1.5.1). Another indicator of a well coupled cavity is the FWHM
of the cavity modes. Comparing the expression for the finesse of the cavity of Equation (1.5.2) to the
experimental expression of Equation (2.1.1), we can estimate if more careful coupling is required. In our
case, we found a considerable mismatch of theoretical and measured values. This mismatch, however,
does not originate in careless coupling but is due to the cavitiy geometry which will be discussed in the
Section 3.

In a subsequent step, we need to make sure that the reference cavity remains stable to meet the require-
ment to remain below 10 MHz/hour shifts over long time periods. For testing, we again need the 795 nm
laser referenced with the Doppler-free saturation spectroscopy. In order to perform the long time stability
measurement, we recorded both the cavity spectrum and the atom reference spectrum simultaneously
every half hour over a period of ten hours. The analysis, however, is a bit more sophisticated than for
previous cavity spectrum scans. In order to adopt an absolute frequency axis and to compensate for the
nonuniform scan speed of the laser, we developed a tool which uses all the resolved Rubidium transition
peaks as frequency indicators. We found that a second-order polynomial fit accounts sufficiently for the
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nonlinearity. The procedure together with the adjusted transmission mode spectrum is illustrated in
Figure 15.

frequency / GHz
intensity / arb. units
intensity / arb. units

scan time / (0.1s) frequency / GHz

Figure 15: The procedure to convert a time axis of the scan into a frequency axis while accounting for
nonlinearities in the scan speed. Since both the Doppler-free saturation spectroscopy of 8" Rb (left) and
cavity transmission peaks (right) are recorded simultaneously, they exhibit both the same scan nonlin-
earity. However, since the atomic spectrum is an absolute reference and frequency differences between
transmission peaks (marked in red) are well known, we can overlay the spectrum with an frequency axis
by using a second-order polynomial fit (left, in black).

While repeating this procedure every 30 minutes over a time period of 10 hours, we could assess that
the frequency shifts remain below 10 MHz/h, except for the initial 3 hours. However, we did not yet ini-
tiate evacuating the cavity. In fact, the cavity remained open during this time period and was therefore
exposed to the unstable environment of the lab during working hours during the initial 3 hours.

In order to lock the laser frequency onto the reference cavity signal we need to find a way to generate
a peak at the target pump frequency. Since the cavity length is fixed and stable by design, one way of
peak generation is the modulation of sidebands using an EOM. Theoretically, the sidebands take the
form [54]

Erod = Eoei(wt+5 cos(£2t))

~ Eye'™? [1 + % <eim + e_mt>} (2.4.1)

— ape™t 1+ a_ei?-t | g e+t

where  and 2 are the modulation depth and modulation frequency respectively. The coefficients
ap,a_, and ay describe the amplitudes of the central peak and the sidebands and depend greatly on
the modulation depth. Additionally, in the second step of the calculation, we used the cosine identity
cos(x) = 1/2(e'® +e~%). The modulation frequency, allowing for sideband modulation tuning, ranges for
our device from 750 MHz to 1.5 GHz. Comparing this to the cavity FSR of 1.45 GHz, we find that there
is always one possible sideband to lock onto (see Figure 16, right). In order to generate an error signal,
the lock-in amplifier demodulates the kHz modulation, initially imposed on the light by the laser, and
feeds it to the PID controller. The PID controller then processes the signal and enables a top-of-fringe
lock.
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Figure 16: Frequency shifts of the reference cavity obtained by measurements taken every half hour over
the course of 10 hours (left). We settled for one of the cavity transmission peaks as a reference point
for the shift. Subsequently we compared this peak to all other measurements in order to calculate the
overall cavity shift. The exact procedure on how to compensate for nonlinearities of the pump laser scan
is described in the text. The DFG signal overlaid with the reference cavity spectrum modulated with
sidebands at 2 ~ 1.2GHz and modulation depth of 8 =~ 20dB (right). We scanned the 404nm pump
laser over about 2 GHz around the target frequency to visualize how the modulated pump sidebands are
overlapped with the DFG signal in order to provide a locking point for the PID controller of the laser.

2.5 Heralding Efficiency

By switching the operation of the setup from DFG to SPDC, we expect much lower photon pair rates
due to its spontaneous nature. In fact, for a pump power of about 3 mW, we measured signal and idler
rates of ng = 5.8(6) x 10° counts/s and n; = 5.0(5) x 10* counts/s . In addition, by performing a
series of measurements with different pump powers we found a signal-idler pair rate at r = 5.4(5) x 10?
pairs /(smW) (Figure 17). This helped us determining the idler and signal efficiencies at n; = r/ns =
2.8(3)% and at ns = r/n; = 29.2(3)% respectively. Latter gives the likelihood of a signal photon located
in the optical fiber upon an idler detection event which is called the heralding efficiency. Corrected for
the detector efficiency of our devices at 1get = 60(6)%, we find

r
Tldet Vi ’
We measured a consistent value at 53(5)% and without fine-tuning at 50(5)%. The heralding efficiency is
a crucial measure in order to pair the source with a quantum memory since it shows the probability of a
single photon located in the memory when announced by the idler, or herald. Consequently the memory
can initiate the storage and retrieval process which is used for on-demand single photon generation.
However, to run a memory successfully, it requires a high heralding efficiency which ensures that the
memory readout remains non-classical. In order to keep the heralding efficiency high, the filtration is
only performed in the herald arm. This also explains the significant lower idler count rates n;. By doing
so, we preselect photons at the target frequency, so that photons from other emission clusters cannot
mistakingly announce any signal photons away from the target frequency. Even though the filtration is
only performed in the idler arm both storage and detection of signal photons are not compromised by
uncorrelated noise. The former because the atoms are highly sensitive to large detuning. The latter can
be avoided for the same reason by a series of etalons.

(2.5.1)

TMheralded =
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Figure 17: The signal-idler pair generation rate plotted against the idler rate for nine different power
settings (left). The corresponding linear fit matches the measurements to an outstanding degree and
we find the gradient to be the heralding efficiency at 29.2(3)% uncorrected for the detector efficiency.
Different rates for signal, idler and coincidences are shown at different powers (right).

2.6 Second-Order Correlation Measurements

In order to quantify the single-photon character of the heralded single-photon source, we performed cor-
relation measurements which show the photon statistics. For our experiments we use detectors exploiting
the photo-electric effect referred to as single-photon avalanche detectors (SPAD, Ezcelitas SPCM-AQRH-
16). We aligned them in an Hanbury Brown and Twiss (HBT) configuration containing detectors labeled
S1 and S5 as well as the third detector situated in the other arm referred to as S3. Upon detection of a
photon the detectors generate a short electrical pulse which feeds the time-tagger. The time-correlated
single photon counting uses a single herald detection event and marks each subsequent signal detection
event with a time stamp. This start-multistop counting procedure is needed to generate an histogram.
Furthermore, the computer can add variable time delays among the channels in order to account for de-
tection delays. It has been measured that our detectors in the HBT setup show a combined timing jitter
of 1.72(4) ns [51]. However, since this characterization measurement we have been increasing degrees of
freedom in order to improve the focus onto the detectors which should in return reduce the combined
jitter. The time-tagger (qutools quTau) exhibit a minimum time resolution of ¢, = 162ps.
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Figure 18: Ezperimental setup used to determine photon correlations of the SPDC heralded single-photon
source. The red frame shows an HBT setup with two detectors (S1 and S2) connected to a coincidence
counter. There is an additional time delay accounted for one of the arms in order to synchronize the
correlation measurements. An additional detector (Ss3) is needed to measure the crosscorrelation and the
conditional autocorrelation.
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The autocorrelation is a measure of the probability of photons to arrive bunched instead of independently.
It can be accounted for by the second-order autocorrelation measure expressed in probabilities of coinci-
dences P, and single-photon probabilities on either detector (Ps,, Ps,) and translate into measurable
count rates on our detectors as:

92 = 7]3}%02
" Syt 1L,
2.6.1
ns,,8, * Lint ( )

Q

ng, *Ns, - thin

where z stands for either signal or idler. The counts ng, g, and ng, (ng,) are the coincidence counts
and total counts of the detectors Sy (S2), respectively, measured in a integration window of duration
tint. We expect both signal and idler arm to exhibit thermal statistics dictated by spontaneous paramet-
ric down-conversion [28]. This means the arms individually follow a Bose-Einstein distribution [54] and
therefore show a feature which is often referred to as a bunching peak, so that gg(fg)g (0) > 1. In theory, this
corresponds to Equation (1.6.3) for which we expect the autocorrelation for a single mode (n=1) to be 2.
In order to generate the theory curve for the idler feature accounting for the setup components in Figure
refAutoldlerFigure (left), we convoluted the product of ideal idler lineshape of Equation (1.6.4) and the
filter lineshapes with the IRF of the HBT setup. We used Lorentzians for idler (FWHM= 373 MHz) and
etalon lineshapes (FWHM= 1.8 GHz) as well as a Gaussian IRF. In this process we found that the actual
combined jitter of the HBT must be at 1.53 ns so that our measurements show a good agreement with
the theory curve as depicted in Figure 19 (left). This indicates that the jitter could actually be reduced
by improving the alignment. On the signal arm we find that the results are contaminated with other
modes from the emission cluster (compare with Figure 14, right), washing out the thermal bunching
feature. The idler photons, on the other hand, are not affected by contamination of other emission peaks
but suffer from higher photon number events with increasing pump power. Higher number photon states
also reduce the signal autocorrelation in Figure 19 (right) but the lack of filtration disguises its effect.
Finally, comparing to what has been observed by Mottola et al. [51], we suspect to obtain better results
due to the excellent pre-selection of the emission cluster.
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Figure 19: Second-order autocorrelation displayed for idler (left) and signal (right) photons. The idler
photons show a very pronounced thermal bunching feature independently from its generation rate. On
the other hand, the unfiltered signal photons show a diminishing thermal feature at higher pump powers
due to the contamination of other modes. Since the ideal shape of the idler autocorrelation is given by
Equation (1.6.4), the theory curve can be calculated as a product with the filter lineshape and convoluted
with the IRF.
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Conditioning the autocorrelation of signal photons on the detection of idler photons directly imposes
the mode purity from the filtered idler photons onto the signal photons. Therefore, signal photons from
other clusters are now only registered as uncorrelated noise. We gathered data for a series of different
pump powers for which we each integrated over 80 bins to cover the whole thermal bunching feature in
a coincidence window of At = 6.48ns. In this time frame we measured the triple coincidence probability
Piripic as well as the conditioned single photon detection probabilities on either of the HBT setup detectors
(Ps, by Psy.n). The conditional second-order autocorrelation can then be calculated theoretically with

(2) _ Ptriplc
e = Ps, n-Ps,n
- (n51 + nSz) *NSy,S5,h
T nsin NS

(2.6.2)

)

where ng, g,.n and ng, n (ns,n) are counts for triple coincidences and heralded events for SPAD S
(S2) respectively. Its results are plotted against the pump power normalized generated pair rate R =
7/ (Poumpnshi) = nins/(rPoump) = 6.5(7) x 10° pairs /(smW) in Figure 20. We use the theory model
proposed in Equation 24 of Sekatski et al. [74] while accounting for CW pumping in a regime far below
threshold so that the photon generates can be estimated as p = RPpump. Assuming no dark counts,
which is a valid assumption considering that the dark counts are three orders of magnitude lower than
generation rates, and corrected for the detector efficiency, the expression reads

9% = 2RPpump At — (RPpumpAt)2. (2.6.3)

From Figure 20 we can estimate that the strong single-photon character g£2) < 0.01 of the source remains

for generation rates up to 7.5(8) x 10° pairs/s which corresponds to around 1 mW of pump power. The
theory curve without any free parameters fits the measurements well.
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Figure 20: The second-order autocorrelation conditioned on an idler detection event integrated over 80
bins, that is a coincidence window of tps, = 6.48ns. It is visible that for higher pair rates the conditional
autocorrelation increases linearly according to Equation (2.6.2) in the regime far below threshold. In other
words, the source loses its single-photon character for higher pair generation rate. This particular source
shows a g?) < 0.01 below generation rates of 7.5(8) x 10° pairs/s. The theory curve follows a model with
no free parameters as presented in Equation (2.6.3). The error bars are smaller than the symbol size.

Another measure to test the heradled single photon source is the signal-idler-crosscorrelation. In simple
terms, it shows the probability of a coincidence of signal and idler detection and can be written in terms
of probabilities as

9(2) . Pdouble
st (Ps, + Ps,) - P
(Ps, + Ps,) - P (2.6.4)
nsl,SQ : tint

- (nsl + 77‘5'2) TNy tbin’
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where Pyouple is the probability of a double coincidence between S3 and either of Sy or So. The probability
Py, is the probability to have a idler count on detector S3. From the crosscorrelation we expect the
inverse behavior of the autocorrelation. At low pump power the detection of the generated pairs is
not compromised. However, with increasing pump power the pair production rises and therefore the
crosscorrelation faces increasing probability of contamination by other pairs and therefore decreases
rapidly. This is also what we experimentally measured (see Figure 21) and which also matches well
with the theory curve determined with the help of the Bayes’s theorem giving a relation between the
conditional autocorrelation and crosscorrelation:

(2) (2)

95,595 i
g£2) = @) (265)
gs,i
where g£2) is governed by Equation (2.6.3). We hereby used that signal and idler autocorrelation behave

equally and take into account that the idler autocorrelation over the coincidence window of 6.48 ns is

gi(i.) = 1.28(5). This assumption is legitimate since we only take into account heralded signal photons
which therefore inherited the idler photons’ mode purity.
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Figure 21: Measured second-order crosscorrelation at 3mW for smallest bin size of tys, = 162 ps dictated
by the time-tagger (left). We observe pronounced bunching at 7 = 0 which implies that signal and idler
are emitted in pairs. The fact that the peak is not infinitely small shows that both photons of a pair do not
necessarily exit the crystal after the same number of round trips. Additionally, we find a slight asymmetry
in the peak which originates in the dissimilar filtration of signal and idler photons. FEspecially the etalon
in the idler arm spectrally narrows the idler photons which, in turn, are temporally widened. Its peak
shape is determined by Equation 1.6.4. We would also expect a small effect induced by the wavelength and
polarization dependent dielectric coatings of the crystal shaping the signal and idler photons differently
(compare with Figure 2.28 in [75]). By evaluating the crosscorrelation over a coincidence window of
tyin = 6.481s (yellow shaded area of the figure on the left) we find a decreasing crosscorrelation for
higher pair generation rates (right). The errorbars are smaller than the symbol size.

2.7 Backward Emitted Photons

Even though the emergence of photon pairs is strongly biased to one side, some still exit into the
opposite direction and therefore negatively affect the photon statistics. By measuring the backwards
emitted photons at a pump power of 7mW we found 14 pack = 1.5 10* signal photons/s while measuring
9.3 x 10* idler photons/s on the other side. Latter indicates that we would expect approximately 1.1 x 10°
forwards emitted signal photons/s which results in 13% of all signal photons are being emitted backwards.
We performed the measurement at the position for PD; in Figure 10 for which we could exclude any
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losses since we used widely the same optics as in the signal arm. The only optics different from the
signal arm, the shortpass filter, has been measured to exhibit negligible losses. Furthermore, according
to the crosscorrelation measurement, depicted in Figure 22, the backward emitted photons are highly
correlated to the idler photons emitted on the other side. In other words, these photons actually were
generated in pairs but emerged the crystal in opposite directions. The ratio of backward emitted photons
is far away from the targeted theoretical value for doubly resonant SPDC heralded single-photon sources
with a lossless cavity [41]:
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Figure 22: Signal-idler crosscorrelation measured for backward emitted signal photons. By correlating

backward emitted photons with idler photons emitted on the opposite site, we find that they are highly
correlated and therefore lose 13% of all signal photons through the other side of the crystal.
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3 Discussion & Conclusion

In this thesis we presented a heralded single-photon source with significant improvements over the setup
reported in Mottola et al. [51], which was designed to meet the requirements imposed by the quantum
memory reported in Wolters et al. [48]. We adopted most parts of the design but omitted the reflective
dielectric coating for the pump laser on the curved facet. By doing so, we abandoned the opportunity
to lock the pump laser onto the crystal transmission modes. In exchange, we opted for a sideband offset
lock on an external reference cavity. Losing the triple resonance condition makes strain tuning, which
was an inconvenient degree of freedom due to its unidirectionality to begin with, superfluous. Similarly
to temperature, strain caused, besides changes of the intra-crystal lattice, a variation of the dimensions
of the crystal. As both temperature and strain acted on the cavity length, the phase-matching conditions
could not be guaranteed. With the new design, which does not require mode matching for the pump
beam within the crystal, we assume to have widely obviated gray-tracking of the crystal, which showed
to be a central part of the crystal’s deterioration [52]. This was a crucial part on improving the source’s
tuneability and robustness over the initial version.

The new source design outperforms the initial implementation in many aspects. One of the most promi-
nent figures of merit for down-conversion sources, the heralding efficiency, could be increased by at least
8% t0 Nheralded = 53(5)%. This can mostly be attributed to more careful pre-selection of the emission
peaks of the cluster. However, this is still far away from the theoretical efficiency of 98.8% determined
by Equation (2.7.1). We suspect multiple factors to account for this difference: First, even though the
crystal is specified to be fully transparent at near infrared wavelengths [76], we cannot exclude absorp-
tion due to defects within the crystal lattice, causing signal photon losses. Additionally, highly reflective
dielectric coatings are difficult to deposit on crystals and therefore may differ from their specified values
[77]. Due to these inconsistent reflectivities the down-converted photons are increasingly likely to emerge
from the curved side. This has been measured to account for 13% of all signal photons, leaving a maxi-
mum theoretical heralding efficiency of just 87% instead of 99%. By rearranging Equation (2.7.1) for the
outcoupling facet’s reflectivity, we find its dielectric coating to be short by only around 1% of the specified
value. This difference also explains the discrepancies between theoretical and experimental values for
the bandwidth of the signal photons. Finally, the two remaining arguments for low heralding efficiencies
are losses in the fiber and its coupling. Prior has been specified with losses at 4 dB/km and the coupling
exceeds an efficiency of 90%. Therefore they can be excluded to account for the remaining losses in the
signal arm. Showing a detection efficiency of 740t = 60(6)%), the single-photon detectors do not affect the
heralding efficiency directly, but their error margins impose a relatively high uncertainty onto the results.

We also report improvements in the photon statistics of the source over the previous version. Specifi-
cally, we found good agreement for the idler second-order autocorrelation with the theory. Furthermore,
we obtained satisfactory results for the signal autocorrelation which suggest that other peaks from the
emission cluster do not contribute intensively to the overall cluster emission. Due to a lack of filtration,
latter shows a strong power dependency on the bunching feature (compare with Figure 19) which is
unsurprising given that other modes contribute progressively. Conditioning the signal autocorrelation
upon an idler detection shows that the excellent single-photon character (g£2) < 0.01) of the source is
preserved up to a pair generation rate of 7.5 x 105 pairs/s. This is about 19% higher than what was
measured for the first version of the source. Similarly, we observe a close to theory behavior of the
crosscorrelation gfi) which naturally decays at higher pump powers. Additionally, we easily managed to
achieve more efficient pumping of the crystal, as the initial version suffered from strong gray-tracking

and therefore had to be operated off-resonantly.

We found the pump laser lock’s performance not to be satisfying. As we opted for an external reference
cavity we hoped to generate stable transmission modes to lock onto. Hemispherical cavity designs are
proven to be robust against mirror misalignments and therefore served as an easy to implement option
[73]. However, we found its finesse F = 8.6 to be relatively low compared to its theoretical value of 40.3.
We consulted the cavity stability condition

0< (1 - }i) X (1 - é) <1, (3.0.1)
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where Ry and Ro are the radii of curvature of mirror 1 and 2, respectively, and L is the cavity length, to
find that the cavity stability is highly sensitive to the ratio of length over the radius of the curved mirror.
For hemispherical cavities this ratio is unity by definition and thus marks the edge of the stability regime.
If it increases above unity, the design falls out of the stability regime and becomes very fragile to operate
in practice. We conclude that the cavity performance suffered from a slight mismatch of the length or
discrepancies of mirror radii specifications. Yet we found that the Zerodur spacer provides stability over
a 10 h time window with maximal drifts of 10 MHz/h.

Finally, we hope to benefit from better electronics in future versions. One of the critical points is the
time-tagger’s minimum time bin size. Even though it is specified to be as low as 81ps, the effective
minimum bin size is 162 ps due to an asymmetry of adjacent bin sizes. Lower bin sizes would allow for
better resolution of the correlation measurements and hence better understanding of the photon statis-
tics. Furthermore, it would grant better time alignment with the control pulse, when combined with
the memory. Additionally, we note that the combined jitter of the HBT setup is greatly improved over
the measurements in [51] but still requires some fine-tuning to achieve its theoretical minimum value of

0.55 ns.

In conclusion, we managed to narrow down the clusters most suitable for SPDC determined by the phase-
matching conditions and cavity resonance. We started by operating the crystal at working parameters
we designed the crystal for. Subsequently, by performing spectrometer measurements of the unseeded
crystal paired with DFG fine-tuning, we could pinpoint the optimal cluster for which we could gather the
optimal parameters for the crystal temperature at 29.3 °C and the pump laser wavelength at 404.218 nm.
For a pump power of 3mW we found signal and idler rates at n, = 5.8 x 10° counts/s and n; = 5.2 x 10*
counts/s, respectively. The signal rate is much higher due to stringent filtration to a single emission line
in the idler arm. Integrating over the time encompassing the entire thermal bunching feature, we found
a singal-idler pair rate at r = 15.3 x 103 counts/s, or 5.1 x 10® counts/(s mW) when normalized to the
pump power. Consequently, we found a pair generation rate normalized to pump powers of R = 6.5 x 10°
pairs/(s mW), which is a 19% improvement over the initial version. Finally, we found that the emerging
single photons show a bandwidth of 373(1) MHz, which is perfectly compatible with the acceptance
bandwidth of the memory.

Outlook

Even though we are satisfied with the performance of the second iteration of the heralded single-photon
source, there is still room for improvement. In the near future we plan to replace the flawed reference
cavity. We decided to reuse the Zerodur cylinder since it showed promising long term stability. However,
we will opt for mirrors with lower radii of curvature to ensure stability condition of Equation (3.0.1).
With this we will significantly improve mode-matching in the cavity. This will allow us to implement a
Pound-Drever-Hall lock for the pump laser. Specifically, we will operate it with sidebands of sidebands
since the cavity is inherently not temperature-tuneable. Another change we intend to implement is an
external mirror for the pump laser enabling a multipass pumping scheme. This should help to signifi-
cantly increase generation rates at lower pump power. However, this new setup demands a more rigorous
mode-matching alignment. While irradiating the same area of the crystal constantly, we hope to manage
to preserve the crystal’s improved lifespan.

In a series of experiments we could ensure the compatibility of source and quantum memory with respect
to bandwidth, ¢(®, extraction efficiency, target frequency, and generation rate requirements. Therefore
we are planning to implement the combined memory and source experiment in the near future. If we try
to store a photon from this source with the quantum memory from Wolters et al. [48] we would expect
to measure the weighted statistical mean

(2) (2)
2 Inoise + g hoton SNR
gr(e;dout = SN?{%* 1 < 05a (302)
(2

for the readout photons with thermal noise and a SNR= 3.7(6). Yielding a sub-unity greidout shows that
the retrieved photons remain non-classical which in turn suffices for a proof of principle experiment for
the quantum memory.
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Appendix A Ray Transfer Matrix Analysis for Cavity Mode-
Matching

Every optical cavity supports spatial modes for which the wavefronts match the cavity geometry. In
order to match these constraints the waves outside the cavity have to be changed accordingy. This can
be done by taking optics such as mirrors or lenses. The ray transfer matrix analysis (RTMA) provides a
viable mathematical tool accounting for Gaussian beam propagation and allowing to match the modes
to the supported cavity modes. However, it is useful to first establish formulas for Gaussian optics [54]:

w(z) = woy /1 + (;) : (A.0.1)

for the beam 1/e radius at a distance z, with zg as the Rayleigh length

2
TWEN
2= —2| (A.0.2)
A
the distance at which the beam size is v/2'wg. The beam waist radius wg accounts for the minimal beam

radius of the Gaussian beam as illustrated in Figure A.0.5. Furthermore, the radius of curvature of the
wavefronts is given by

R(z) = z<1 + Zj) (A.0.3)

These expressions help to understand the formulas provided for RTMA. One formula of particular interest
is the one for the complex beam parameter ¢:

1 1 A

which allows together with the ABC'D matrix [54] to calculate beam parameter at a transition interface:

(%) -(2 B)(%): o

We labeled the complex beam parameters before and after the interface with ¢; and g5 respectively. The
coefficients A, B, C, and D are entries of the ABC' D matrix for Gaussian beam propagation. Its shape
and its numerical values are determined by the kind of interface [54].

In this section of the appendix we discuss three cases for which we applied the RTMA method to find
the optimal specifications for our optics. The first case describes the mode coupling of the 795 nm seed
laser into the crystal impinging on the planar facet. The second case describes the mode coupling of the
pump laser from the opposite site. This is arguably obsolete since the crystal does not form a resonator
for the blue pump light. However, we can still use the results to install the optics accordingy to improve
the pumping. Last, we introduce a case for our plans to implement a mirror for the pump light to finally
form a optical resonator. Since we already have a curved mirror we perform these calculations with the
radius of curvature as a constraint.

Figure 23: Visual representation of Gaussian beam propagation. The Rayleigh length zg is defined as
the distance between the beam origin (z = 0) and the distance at which beam spot is twice the spot size
of the focal point spot size.
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Case 1

In the first case we are using RTMA to determine the focal length f of a lens used to couple the seed
laser (As = 795nm) into the crystal on the planar facet which is needed to match the cavity mode. We
start by determining the beam waist with the help of Equation (A.0.3) and the fact that the beam radius
matches the radius of curvature of the curved facet:

zAs | R
= /= —1. A.0.
o Nem VL (A.0.6)

Inserting numerical values for the radius of curvature of the curved facet R = 10 mm, the crystal length
L = 5mm, and the crystal’s refractive index n¢, ~ 1.95 yields

wo = 25.47 pm. (A.0.7)

By employing Equation (A.0.1) and the definition for the Rayleigh length (A.0.2) we find the focal length
of the lens for a pump beam size of w(z) = 1050 pm

= (MY e = 0n 6 (109

In other words we require a f =~ 100 mm lens to achieve mode-matching with our current pump beam
profile.

tWo

w(z)

Figure 24: Schematics of the situation in case 1. With the help of a lens we can match the mode profile
within the crystal. The calculation steps to determine the focal length f required to match the mode to
the cavity mode are described in the text.
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Case 2

This case describes the mode-matching process to couple the pump beam to the crystal throught the
curved facet. Similar to case 1, we determined the waist size for the beam which can be found for
Ap = 405nm to be wy = 18.18 pm. Together with the Rayleigh length of the beam which is determined
with Equation (A.0.2) as 5 mm, we find the beam size at the curved facet to be 25.71 ym. These result
allow us to employ calculations with the complex Gaussian beam parameter which are fundamental for
the RTMA. The complex beam parameter of the beam at the curved facet within the crystal (see Figure
25) reads

1
q2 = 1 . b . (AOQ)

R Zﬂ'ncrw2

The ABC'D matrix for the curved crystal-air interface is given by [54]

A B 1 0
<C D) = (na}i%rn!:cr T;:;:) ? (AOlO)

with the air’s refractive index m,;, ~ 1 and the beam’s radius of curvature R negative by convention.
Consequently, the complex beam parameter is calculated by solving Equation (A.0.5) with the entries
for the ABC'D as

EE . (A.0.11)

B= e —na, | 1o
Nair Nair

In order to now estimate the distance between the crystal-air interface and the lens (labeled as do in
Figure 25) we need to define the collimated beam size after the lens. For our case this coincides with the
beam radius of the pump laser measured at 500pm. Using the ABC D matrix for free space propagation

from [54]
(é g) = ((1) df) (A.0.12)

yields a complex beam parameter

g4 = g3 + do. (A.0.13)

Comparing its imaginary part to the one obtained with Equation (A.0.4) we find distance ds as depicted
in Figure 25 as

dy = 86.56 mm. (A.0.14)

Note that the distance dy together with the crystal length do not sum up to the lens’ focal length. In
fact, the crystal shifts stretches the focal length with its refractive index higher than air further in the
crystal to

L

f=—+dy. (A.0.15)

Cr

This situation is depicted in Figure 25 (right).

46



60

50+

Nair 4o0f

7 T £ %
nCI’

20+

Figure 25: The situation schematics for case 2 for pump laser mode-matching depicted on the left. We
perform a series of measurement in order to find the focal length for a lens suitable to match the pump
mode to the cavity mode. In return we find the the distance labeled as do which added with the crystal
length corresponds approzimately. However, the free space focal length (depicted in blue on the right) of
the lens falls short by some millimeters in contrast to the combined crystal-air configuration (black).
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Case 3

This case is used for a possible iteration of the source which uses an extra mirror to form a cavity for the
pump beam too (illustrated in Figure 26, left). It is meant to recycle pump light which in return increases
the pair generation rate. However, the Gaussian nature of the beam requires a careful RTMA for mirror
positioning to enable mode-matching. This configuration poses two constraints for the mode-matching:
The beam curvature must be identical to the facet curvature (R=10 mm) at the crystal-air interface so
that the wavefront matches the crystals geometry in order to be supported by the cavity. When exited
the cavity, the wavefront must additionally fit the mirror curvature (R = 25mm) at a distance z away
from the crystal. The curvature of the mirror has been chosen for convenience. Fortunately, case 2
already provides the complex beam parameter which is needed for this problem. Harnessing Equation
(A.0.4) yields two solutions, both at opposite prefix. Considering only positive solutions yields

ds = 22.2mm. (A.0.16)

radius / mm

z/ mm

Figure 26: This schematic shows the situation of case 3 (left). By adding an external mirror with high
reflective dielectric coatings for 404 nm we can form a resonator for the pump beam. The mode-matching,
required for a satisfying mode profile, dictates the placement of a mirror with radius of curvature R =
25mm (right) when only considering positive solutions. A negative solution would have suggested a
mirror placement on the opposite site of the crystal.
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Appendix B Refractive Indices of KTP

Potassium titanyl phosphate, or KTP, is a biaxial crystal which shows transparency in the window of
350nm to 4.5 um [76]. The general temperature-dependent shape of the refractive index has been found
by [80] as

n(\T) = n(\) + An(\, T), (B.0.1)

where the first term corresponds to the refractive index at room temperature (25°C). It is determined
by Equation 1.1.15 for the ordinary (z) axis with coefficients A = 2.19229, B = 0.83547, C' = 0.04970,
and D = 2.25411, and for the extraordinary (y) axis by the Sellmeier equation proposed by Fan et al.
[81] as

— D)?,

n?=A+ (B.0.2)

_B
1-C/\2
with coefficients A = 2.19229, B = 0.83547, C' = 0.04970, and D = 0.01621. The second term of
Equation B.0.1 yields a correction term for any temperatures different than 25°C given by Emanueli et
al. [80]

An(\,T) = ny(A\)(T — 25°C) + na(\)(T — 25°C)?, (B.0.3)

with the parabolic coefficients n; and ny determined by a third-order polynomial of negative powers of
the wavelength [82]:
3

am

. (B.0.4)

71172(/\) =

m=0

Its empirically determined coefficients a,, are listed in Table 1.

Furthermore, Zhong et al. [83] claimed a parabolic dependence on temperature for the thermal expansion
of the crystal:

L = Lo(1 4 (T — 25°C) + B(T — 25°C)?),
with coefficients o = 7.7 x 107%°C~! and f = 7.1 x 1072°C~2.

(B.0.5)

ordinary extraordinary
ni [10_6] % [10_8] ni [10_6] % [10_8]
ag 9.9587 -1.1882 6.2897 -0.14445
ay 9.9228 10.459 6.3061 2.2244
as | -8.9603 -9.8136 -6.0629 -3.5770
as 4.1010 3.1481 2.6486 1.3470

Table 1: These are the coefficients for the parabolic coefficients ni and no which are used to determine

the temperature depend refractive index proposed by Emanueli et al. [80].
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Appendix C Crystal Properties of KTP

Without loss of generality the second-order nonlinear polarization can be expressed as

Piii = €0djrBiot jBtot i, (C.0.1)
with

Eio = E(wy) + E(ws) + E(w;). (C.0.2)

By rewriting it in vector notation we obtain:

P, din diz diz dia dis dig
ij =2¢ | do1 dos dos dos dog dog 9OF ZE‘ . (COS)
P, d31 d3p dzz d3s d3s dss 9 Ey Ez

2E,E,

If we take into account that the KTP crystals belong to the crystal point group mm2 (orthorhombic)
which reduces the d;; matrix under Kleinman symmetry [55] and using the complex field amplitude
definition of Equation (1.1.13), we find the simplified expression

Ag(wp) Ag (wi)”
P, 0 0 0 0 ds 0 ﬁygngﬁygig*
P, =2 0 0 0 d 0 0 FApIE . C.04
PZ " ds1 ds2 ds3 84 0 0 Aylwp) Az (i) + A (wp) Ay (wi) ( )
Ag(wp) Az (wi)" + Az (wp) Az (wi)*
Ay (wp) Ay (wi)* + Ay (wp) Ag (wi)”

The non-linearity tensor d;; shows empirical coefficients [84]:

dis =1.9pm/V, ds; =2.2pm/V,
d24 =4.2 le/\/v7 d32 = 27pm/V, (005)

Considering that the signal polarization is along the z axis we neglect any coefficient not contributing.
Furthermore, since we are exclusively operating at a type-II phase matching interaction, we omit any
other field coefficients than ds. Clearly, a stronger non-linear optical coefficient would be preferable,
however, by choosing different propagation axes for idler and pump beam triples the phase mismatch. In
return, the poling period A has to be chosen accordingly small (compare with Equation (1.4.15)) which
could pose some serious fabrication issues. Nevertheless, a configuration exploiting the highest nonlinear
term ds3 is possible under the condition to increase the quasi phase-matching order m which in turn
decreases the efficiency.
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