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CHAPTER 1

Introduction

What is the connection between the who-to-follow suggestion offered by Twit-
ter [1], the paths of foraging animals [2], and fixational eye movements [3]? It
is the statistical concept of random walks [4], the underlying principle to math-
ematically describe these phenomena. First introduced by Pearson in 1905 in a
challenge to the readers of Nature seeking for a solution for the following prob-
lem [5]:

»A man starts from a point O and walks l yards in a straight line; he
then turns through any angle whatever and walks another l yards in
a second straight line. He repeats this process n times. I require the
probability that after these n stretches he is at a distance between r
and r + dr from his starting point, O.«

His request was promptly answered by Lord Rayleigh, who had already dis-
covered a solution for very large n [6]. Surprisingly, in the same year Einstein
and Smoluchowski also indirectly answered Pearson’s question using the very
concept of random walks to explain the phenomenon of Brownian motion [7–9].
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Introduction

Both revealed that the path of a molecule suspended in a liquid follows a ran-
dom trajectory as a result of repeated collisions with molecules of the liquid.
These seminal works not only described diffusive transport, but rather cat-
alyzed the widespread acceptance that matter is indeed composed of atoms and
molecules. Hence, the experimental verification of this theory by Perrin was rec-
ognized with the Nobel Prize in physics in 1926 [10]. Nowadays random walks
are a ubiquitous tool for all kinds of processes ranging from estimating the size
of the world wide web [11] to population statistics of species [12], and even the
fluctuation of dollar bills throughout the united states [13]. One of the simplest
and yet very fundamental random walk system is the Galton board, where a
classical walker hops to one or another side with ideally one-half probability
at each step. This arrangement demonstrates the diffusive propagation of the
walker through the board: The variance of its localization distribution increases
linearly with the number of steps, and the characteristic Gaussian distribution
emerges at the output.

A fundamentally different situation arises when introducing a quantum particle
as walker. Founded on the Copenhagen interpretation of quantum mechanics,
the coherent spreading of the particle’s wavefunction can be understood as the
hopping of the quantum walker at each step to one and another side with a
certain probability amplitude, and thus, inhabiting superposition states [14,15].
This inevitably leads to interference between the different possible paths, and
yields a ballistic spreading where the variance grows quadratically with the
number of steps. While Feynman and Hibbs were the first to elaborate on this
concept in 1965 [16]; it took almost 30 years until it was reconsidered by Ahara-
nov, Davidovich and Zagury, who coined the terminology of a quantum (ran-
dom) walk (QW) [14]. This revival of the field continues to this day, where QWs
are the fundamental concept behind Grover’s superior search algorithm [17]
and are in principle capable of universal quantum computing [18, 19]. Notably,
billions of years before scientists discovered the potential of QWs for quantum
technology, the blind watchmaker of evolution harnessed this mechanism for
the most essential biochemical process found in nature: discrete QW-like en-
ergy transport in photosynthesis enabled the development of all higher forms
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of life on this planet [20, 21].

In principle, one can distinguish two different types of QWs: discrete-time QWs
like the quantum version of the Galton board, where the walker evolves in dis-
crete steps determined by random events, and continuous-time QWs, in which
a time-independent lattice Hamiltonian governs the walker’s dynamics. As
such the latter describes the coherent evolution of quantum states on a lat-
tice. For both regimes one finds numerous physical systems for implementa-
tion such as ultra-cold atoms and Bose-Einstein condensates [22, 23], trapped
ions [24, 25], nuclear magnetic resonance spin-chains [26, 27], superconducting
quantum interference devices [28], optical fiber loops [29], bulk-optical beam
displacers [30], or photonic waveguide networks [31, 32].

Photons offer the unique combination of large coherence length required for
multi-path interference and insensitivity to environmental influences. More-
over, they benefit from an extremely long lifetime and their linearity. Another
advantage are additional degrees of freedom such as polarization and wave-
length that comes along with the use of single photons. Furthermore, photon
generation and detection is well-established and relies on cost-efficient and re-
source saving approaches.

The implementation of photonic QWs in waveguide lattices on-chip brings the
advantages of high robustness, ultra-stability, and miniaturization. The nec-
essary interaction between waveguides is provided by their evanescent light
fields leaking into the neighboring guides, thus, allowing a tunneling from
site to site. Consequently, both QW regimes, discrete- and continuous-time,
can be implemented in a straightforward fashion. Naturally, the evolution is
not in time but along the longitudinal waveguide coordinate. Hence, a three-
dimensional (3D) fabrication technique like the direct laser-writing allows to
observe photonic QWs in two spatial dimensions [33, 34].

It is worth mentioning that based on the coherent evolution, single-photon QW
dynamics are indistinguishable from the evolution of classical laser light when
intensities are substituted by probabilities. However, this drastically changes
when considering two or more indistinguishable photons. In such multi-photon
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QWs the coherent addition of the probability amplitudes leads to multi-photon
interference and genuinely non-classical correlations as it was first proposed
in 2009 and experimentally verified shortly afterwards [35, 36]. Since then,
integrated photonic QWs have been employed in various scenarios including
Shor’s factorization [37], on-chip quantum teleportation [38], or demonstrating
Boson sampling [39–41]. Clearly, this fledgling field holds great promise for
future discoveries and innovative applications.

Similarly, photonic waveguide lattices are an ideal systems for quantum simu-
lation. Along these lines, the evolution of quantum correlations through com-
plex lattices and the emergence, survival or destruction of entanglement is of
crucial interest. Moreover, it is challenging to investigate whether even single-
photon QWs can offer physics beyond classical coherent laser light evolution
and whether multi-path interference is a necessary ingredient to this end? Fur-
thermore, despite the technical endeavor to fully miniaturize quantum optical
settings by integration of single-photon sources and detectors on-chip, till now,
interfacing between source, operative chip and detection unit is necessary. This
naturally limits the performance of all applications. In addition to this, one may
ask: Is there any difference between the photons counted by the detectors and
the photons actually leaving the sample? And if so, does this difference mat-
ter?

In this thesis new applications of QWs of single photons are discovered and
explored. To this end discrete waveguide networks are utilized to synthesize
exotic states and harness them for genuine random number generation. Further,
by means of a multiplexing structure it is demonstrated how to exploit photon
click statistics provided by standard on-off detectors instead of the notoriously
inaccessible photon number statistics for evaluating the non-classicality of any
unknown light state, in particular as outcome of a QW. Aside from that, special
interest is paid in the experimental investigation of two-photon correlations of
path-entangled photon pairs in Bloch oscillator lattices revealing striking effects
of the wavefunction’s symmetry.
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The fundamentals in integrated photonic discrete- and continuous-time QWs
of single- and two-photon states as well as the waveguide fabrication technique
and the experimental settings are the elements of Chapter 2 that is followed
by three chapters presenting the achievements of this work. Chapter 3 demon-
strates the capability to generate single-photon W-states of high-order by use
of a discrete-time QW network. The multipartite entanglement is verified and a
new application in the form of random number generation is presented. The ap-
plication of the same QW network as a tool to deploy click statistics provided by
non-number resolving single-photon detectors to distinct classical and quantum
light is the topic of Chapter 4. In Chapter 5 the investigations are extended to
the QW dynamics of entangled photon pairs and how their correlations evolve
within a Bloch oscillator lattice. The thesis is concluded by a brief summary of
the obtained results and an outlook on promising further developments of this
field.
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CHAPTER 2

Fundamentals

This chapter is opened by a brief introduction to the theory of discrete- and
continuous-time QWs for one and two particles. These approaches are dis-
cussed within the framework of integrated optics. Afterwards the fabrication
process of the underlying waveguide structures is explained. This is followed
by a description of the single photon and photon pair generation scheme as well
as the detection setting.

2.1. Integrated photonic discrete-time quantum
walks

Like its classical counterpart, a discrete-time QW is governed by the stepwise
evolution of the walker based on the outcome of a random event. Albeit such
events can have a manifold of simultaneous outcomes the most fundamental
case is tossing a two-sided "quantum coin", which will be considered in the fol-
lowing. Such a quantum coin can be implemented by any physical systems
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Fundamentals

endowed with a binary degree of freedom, like spin-1/2, polarization, or a
two-level atomic system. Each of the two possibilities represents one side of
the quantum coin and corresponds to the basis states. Considering a quantum
walker moving on a one-dimensional lattice the quantum coin has the basis
state vectors |L〉 causing the walker to move one step to the left and |R〉 letting
the walker move one step to the right. In general both states appear with the
probability amplitudes αL and αR, respectively (|αL|2 + |αR|2 = 1). After toss-
ing the coin a classical walker will move one step to the left or right with the
probabilities |αL|2, respectively |αR|2. In stark contrast, a quantum walker will
move simultaneously in sense of superposition to the left and right, ending in
the state |ψ〉 = αL |L〉+ αR |R〉. Flipping the coin multiple times will cause the
walker to evolve into a complex superposition of states depending on how the
probability amplitudes of subsequent steps interfere with each other.

This concept can be implemented in the context of integrated photonics by em-
ploying 50:50 directional couplers (DCs) and single photons as quantum walk-
ers (see Fig. 2.1). Such couplers are essentially formed by two evanescently
coupled waveguides (see Sec. 2.2). They are the integrated version of a beam
splitter and work as such in both the classical and the quantum regime. Real-
izing different splitting ratios is possible by different coupling strengths or in-
teraction lengths and would correspond to an unbalanced coin. It is important
to note that in this physical system the time coordinate is replaced by a spatial
(z-) propagation coordinate of the photons. The evolution of quantized light in
waveguides is conveniently described by means of the photonic creation and
annihilation operators â†

q and âq, respectively, which literally create, respec-
tively destroy a photon in waveguide mode q* [42, 43]. In a DC their evolution
is governed by the Heisenberg equation [35, 42–45] (see also Sec. 2.2):

d
dz

(
â†

1(z)
â†

2(z)

)
= i

(
β1 κ

κ β2

)(
â†

1(z)
â†

2(z)

)
. (2.1)

*Here, the word "mode" refers to the spatial modes in the waveguide lattice bound to each of
the (single-mode) guides and should not be confused with any eigenmodes of the lattice.
Hence, â†

q creates a photon in waveguide number q.
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2.1 Integrated photonic discrete-time quantum walks

Here, β1 and β2 represent the propagation constants of the waveguides and κ is
the evanescent coupling coefficient between the two spatial modes. Assuming
identical waveguides with β1 = β2 = β one can directly integrate Eq. 2.1 and
obtain the transformation of the input to the output modes(

â†
1(z)

â†
2(z)

)
=

(
cos(κz) i sin(κz)
i sin(κz) cos(κz)

)(
â†

1(0)
â†

2(0)

)
, (2.2)

where the global phase factor eiβz has been omitted. By choosing a propagation
distance of z = π/4κ a 50:50 splitting behavior will be achieved and Eq. 2.2
becomes (

â†
1

â†
2

)
out

=
1√
2

(
1 i
i 1

)(
â†

1

â†
2

)
in

, (2.3)

where the arguments of the creation operators were replaced by the labels "in"
and "out". As long as it is unambiguous the arguments will stay omitted
throughout the following. Consequently, exciting port 1 of a (50:50) DC by a
single photon will transform the input state to (see Fig. 2.1)

â†
1 |0〉

DC−→ 1√
2

(
â†

1 + i â†
2

)
|0〉 , (2.4)

which is a two-mode path-entangled state. It means that a single photon will
emerge from either port of the DC with exactly the same probability of 1/2 and
that there is a phase difference of π/2 between the two output channels. Typi-
cally, the waveguide, in which the light couples over, is referred to as reflection
channel whereas the other one is called transmission channel. This notation is
in agreement with the commonly used one from bulk beam splitters, where the
reflection channel carries a π/2 phase shift, too.

One can now realize discrete-time QWs of single photons by utilizing 50:50 DCs
as a fundamental building block and cascading several stages to a mesh as illus-
trated in Fig. 2.2. Such grids can be understood as the quantum optical version
of a Galton board. For illustration of the operation principle of these photonic
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|inÍ = â†1 |0Í

|outÍ = 1Ô
2

1
â†1 + i â†2

2
|0Í

1

2

1

2

Figure 2.1.: Sketch of an integrated photonic waveguide coupler known as directional cou-
pler (DC) with 50:50 splitting ratio. The device transforms the input state |in〉 into the path-
entangled output state |out〉. Figure taken from [32].

based QWs a large system of 31 splitting stages (corresponding to (31+1
2 ) = 496

DCs) will be considered. Sending a single photon into one of the input guides,
after two steps the input state |ψ1〉 = â†

1 |0〉 transforms to

â†
1 |0〉

two steps−→ 1
2

(
i â†

1 + â†
2 + i â†

3 − â†
4

)
|0〉 . (2.5)

Thus, the walker is coherently distributed among the four modes with equal
probability amplitudes but again a phase shift of π/2 between them. So far, the
walker has not experienced any quantum interference. This changes already
when going one step further. After the third step the walker will be in the state
(see Fig. 2.2)

â†
1 |0〉

three steps−→ 1
2
√

2

(
− â†

1 + i â†
2 + 2i â†

4 − â†
5 − i â†

6

)
|0〉 . (2.6)

Evidently, the probability to find a photon in channel three vanishes due to
destructive interference. Letting the photon evolve over the whole system such
quantum interference forms an intricate probability pattern as shown in
Fig. 2.3(a). In strong contrast to its classical counterpart, the Galton board with
a binomial probability distribution centered around the initial site, the photon
can be most likely found on the opposite side with respect to the input port.

Turning now towards another input state |ψ2〉 = 1√
2
( â†

1 + â†
2) |0〉, where a single
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|inÍ = â†1 |0Í

|outÍ =
1

2
Ô
2

1
≠ â†1 + i â†2

+2i â†4 ≠ â†5 ≠ i â†6
2
|0Í

1

2

3

4

5

6

1
2

Figure 2.2.: Mesh of directional couplers as the first three steps of a discrete-time QW of a single
photon. Figure taken from [32].

photon enters simultaneously at the two input channels. Since this state forms a
superposition of modes it is possible to analyze the walker dynamics separately
for each state and add the corresponding probability amplitudes. Accordingly,
the results obtained in the previous case can be used to calculate the state of the
walker after two and three steps

1√
2

(
â†

1 + â†
2

)
|0〉 two steps−→ 1 + i

2
√

2

(
i â†

1 + â†
2 + â†

3 + i â†
4

)
|0〉 , (2.7)

and

1√
2

(
â†

1 + â†
2

)
|0〉 three steps−→ 1 + i

4

(
−â†

1 + iâ†
2 + (1 + i)(â†

3 + â†
4) + iâ†

5 − â†
6

)
|0〉 ,

(2.8)

respectively. Clearly, the mirror-symmetry of the input state must be conserved
during evolution through the symmetric structure. Therefore, the output state
exhibits a highly symmetric probability distribution as clearly indicated by the
two counter-propagating ballistic lobes in Fig. 2.3(b).
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Figure 2.3.: Single-photon evolution in discrete-time quantum walk of 31 steps provided by a
mesh of directional couplers. (a) Evolution of a single photon launched into one (right) input
channel of a directional coupler. (b) Evolution of a single photon prepared in a superposition of
states exciting both input ports of the first directional coupler. (c) Same input state as in (b) but
now the mesh is endowed with random phase shifts after each DC. This dynamical disorder
leads to a diffusive evolution of the walker, corresponding to the classical random walk. The
top row presents the corresponding probability distributions to find a photon at the output.
Figure reproduced from [32].

Intriguingly, integrated photonic architectures are also capable of demonstrat-
ing the transition from a QW towards a classical random walk. In general, de-
phasing and decoherence cause a quantum walker to become a classical walker.
In fact, such dephasing will prevent the ballistic spreading, rather inducing a
binomial (in limit of many lattice sites Gaussian) diffusive evolution that is di-
rectly linked to classical random walks. A possible implementation is the in-
troduction of random phase shifts after each DC. Fig. 2.3(c) shows the average
probability evolution of the input state |ψ2〉 evolving in a system of 31 split-
ting steps, where the phases after each DC are randomly changed. They obey a
uniform distribution with values from [0, π] and the results are averaged over
20,000 realizations. By comparing Figs. 2.3(b) & (c) one can directly obverse
the impact of dephasing as it washes out the two ballistic lobes and leads to a
binomial probability distribution centered around the origin.

Instead of having discrete splitting structures, one can "melt" together the in-
teraction regions of subsequent DCs resulting in a continuous coupling during
propagation. Such kind of lattices allow the investigation of all kinds of lat-
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2.2 Continuous-time quantum walks in waveguide arrays

tice dynamics in the tight-binding regime. For instance, the time evolution of a
certain wavefunction in a tight-binding modeled solid state is equivalent to the
photon state propagation along the longitudinal lattice direction. As a result
waveguide arrays are well-suited to simulate continuous-time quantum trans-
port phenomena. It will be discussed in the next section.

2.2. Continuous-time quantum walks in waveguide
arrays

The step from a discrete system towards a continuous one can be conveniently
understood in the field of integrated photonics. In contrast to the former sec-
tion, single photons as quantum walkers are now propagating through con-
tinuously evanescently coupled waveguide arrays [46, 47] instead of discrete
DC stages. To create this kind of photonic lattices single-mode waveguides are
placed next to each other in such a way that their evanescent mode fields over-
lap with the neighboring guides. In consequence, every guide becomes coupled
with its neighbors. Thus, light can tunnel from one site to another during prop-
agation through the lattice. The Hamiltonian of a system of M evanescently
coupled single-mode waveguides is

Ĥ = h̄
M

∑
m=1

{
βm â†

m âm +
M

∑
m 6=j=1

κj,m â†
j âm

}
. (2.9)

In agreement with the description of the DCs βm is the propagation constant of
guide m and κj,m = κm,j is the hopping rate between channels j and m. Most set-
tings imply coupling to adjacent sites only (j = m± 1). However, for the sake of
generality the coupling between all waveguides will be included in the follow-
ing description. Note that losses, which are equal in all guides contribute only
via a global loss factor to the Hamiltonian. If the individual waveguides exhibit
different losses the particular loss rates manifest themselves in the imaginary
parts of the then complex propagation constants. Naturally, the evolution of
such a system is more intricate due to its non-Hermiticity [48]. Since all systems
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throughout this thesis are Hermitian this can be disregarded. In accordance
with the previous section, the system dynamics is described by the Heisenberg
equation of motion for the photonic creation operators [35, 36]:

d â†
q

dz
= − i

h̄

[
â†

q(z), Ĥ
]
= i

(
βq â†

q(z) +
M

∑
q 6=j=1

κq,j â†
j (z)

)
. (2.10)

It is important to emphasize again, that the time evolution coordinate is re-
placed by the spatial propagation coordinate z. The special case of M = 2
results in Eq. 2.1 for describing the DC. Formal integration of Eq. 2.10 yields

â†
q(z) =

M

∑
j=1

Uq,j(z) â†
j (0) , (2.11)

where Uq,j(z) =
(
e

i
h̄ Ĥz)

q,j are the matrix elements of the unitary linear z-evolu-

tion operator Û. Intuitively, Uq,j(z) can be understood as the probability ampli-
tude to find a photon after the propagation length z at lattice site q when initially
injected into site j. This becomes even more clear when considering the average
photon number (or photon density) nq(z) = 〈ψ(0)| â†

q(z) âq(z)|ψ(0)〉 in channel
q. For the input state |ψ(0)〉 = â†

m(0) |0〉, meaning that one photon is launched
into waveguide m, the average photon number becomes nq(z) = |Uq,m(z)|2.
Hence, it directly corresponds to the classical intensity distribution when inject-
ing laser light into channel m as one can see in Fig. 2.4. Since, the distribution
of the output probability amplitudes for a certain excitation (at site m) is given
by the system’s impulse response, Uq,m(z) can also be understood as Green’s
function of the system.

For the special case of a uniform waveguide lattice one has βq = β and adjacent
coupling with κq,q±1 = κ. Sending now a single photon into site j one can find
that the probability amplitude at site q is analytically described by [35, 46, 49]

Uq,j(z) = iq−jeiβz Jq−j(2κz) , (2.12)

where Jq−j is a Bessel function of the first kind and order (q− j).

20



2.3 Two-photon quantum walks

1

w
av

eg
ui

de
 n

um
be

r q

40

photon density

0

1

z

Figure 2.4.: Evolution of the average photon number nq when sending a single photon into
the central channel of an array of 40 identical evanescently coupled waveguides. The photon
density evolves likewise as the intensity when shining in laser light of the same wavelength.
The typical two ballistic lobes can be clearly seen.

Evidently, the complexity of single-photon QWs increases with the number lat-
tice sites, that is, the number of spatial modes. For further enhancement one
needs to harness all feasible degrees of freedom, like spin, polarization, fre-
quency, or orbital angular momentum. Obviously, high-dimensional degrees of
freedom are of advantage. Interestingly, in contrast to single photons, multi-
photon quantum states inherently live in a high-dimensional Hilbert space,
which will be the content of the next section.

2.3. Two-photon quantum walks

If one considers two indistinguishable photons propagating through a waveg-
uide array of M ports, the corresponding wave function will have M(M + 1)/2
elements. More generally, N photons traversing waveguide lattices of M chan-
nels inhabit a Hilbert space of (N+M−1

N ) dimensions.

In the following this fact is illustrated for QWs in integrated photonic lattices
performed by quantum states of two photons, which feature non-classical dy-
namics. Beginning with the simplest case one can study a system of two indis-
tinguishable photons, one launched into each waveguide of a DC described by
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Eq. 2.2. It is readily clear that the input and output modes are related according
to

â†
1 â†

2 |0〉
DC−→

[
cos(κz) â†

1 + i sin(κz) â†
2

]
×
[
i sin(κz) â†

1 + cos(κz) â†
2

]
|0〉

= i cos(κz) sin(κz)
[(

â†
1

)2
+
(

â†
2

)2
]
|0〉 (2.13)

+
[
cos2(κz)− sin2(κz)

]
â†

1 â†
2 |0〉 .

As a result a DC will transform a separable two-photon state into a superpo-
sition of four states. Moreover, for 50:50 splitting at exactly z = π/4κ, the
amplitudes cos2(κz) and sin2(κz) interfere destructively. Therefore, the output
state becomes

â†
1 â†

2 |0〉
DC−→ i

2

[(
â†

1

)2
+
(

â†
2

)2
]
|0〉 . (2.14)

It describes the physical situation where both photons emerge together from
one of the output ports with the same probability of 1/2 and never occur in
different ones. This phenomenon is called Hong-Ou-Mandel (HOM) effect and
was first observed in 1987 at a bulk beam splitter [50, 51]. The photon behavior
is also referred to as (spatial) photon bunching. In fact, the two indistinguishable
photons at the input are transformed into a path-entangled pair as a direct result
of the quantum (path) interference of the two-photon amplitudes. The general-
ization of such type of states are called N00N state ∼

[(
â†

1
)N

+
(

â†
2
)N
]
|0〉 or in

other notation ∼ |N0〉+ |0N〉, meaning that N photons are in either of the two
modes.

The observation of the HOM effect can be performed by coincidence measure-
ments of the photons. In doing so, photon detectors placed at the output of a
50:50 DC should register simultaneous photon counts as long as both channels
are slightly delayed, meaning that there is no temporal overlap of both pho-
tons, hence, they are distinguishable in their arrival time. In contrast, there are
no coincidences for zero delay. An experimentally obtained example is shown
in Fig. 2.5, where a time delay between the two input ports was tuned via a
translation stage and joint clicks were registered. Clearly, the two-photon count
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Figure 2.5.: Hong-Ou-Mandel effect in integrated optics. (a) Two photons enter a 50:50 direc-
tional coupler and become entangled. (b) Their coincidences at the output are measured. By
tuning their (in)distinguishability via their time delay the typical "HOM-dip" is observed, here
with a visibility (drop in coincidences per average value) of approximately 96.4%.

rate drops down to a minimum for zero time delay and the "HOM-dip" is vis-
ible. In general, such coincidence measurements between channels q and r can
be described analytically via the fourth-order correlation function (also known
as intensity correlation function or two-photon rate)

Γq,r(z) = 〈ψ(0)| â†
q(z) â†

r (z) âr(z) âq(z)|ψ(0)〉 . (2.15)

It is strongly related to the probability distribution Pq,r =
Γq,r

1+δq,r
of detecting

simultaneously one photon at site q and the other at r. Additionally, for Hermi-
tian systems the relation nq = ∑r Γq,r holds. For the particular case of the 50:50
DC (interaction length z = π/4κ) q and r run from 1 to 2. The probability am-
plitudes Uq,j are given by Eq. 2.3. Hence, sending two photons in the separable
state |ψ(0)〉 = â†

1(0) â†
2(0) |0〉 into a 50:50 DC, one finds for the correlation be-

tween the outputs Γ1,2 = Γ2,1 = 0, meaning that there will be no simultaneous
photon detection events.

This approach can be easily extended to multi-port waveguide systems. By
launching two photons prepared in a separable state into sites m and n of an
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array, the corresponding correlation matrix is determined by Eqs. 2.11 & 2.15:

Γq,r(z) = |Uq,m(z)Ur,n(z) + Uq,n(z)Ur,m(z)|2 , (2.16)

where Uq,m is still the probability amplitude to find a photon at channel q when
originally started in m. Fig. 2.6(b) shows the correlation matrix of this partic-
ular case with m = 20 and n = 21 in a lattice of 40 waveguides. The map
exhibits clear bunching behavior of the photons, since they tend to occupy the
same sites. Another interesting scenario arises when changing the input state
to the path-entangled state 1

2

[(
â†

m
)2

+ eiθ ( â†
n
)2
]
|0〉. In that case the correlation

function can be written as

Γq,r(z) = |Uq,m(z)Ur,m(z) + e−iθUq,n(z)Ur,n(z)|2 . (2.17)

An exemplary pattern can be observed in Fig. 2.6(c) for θ = 0. In this scenario
both photons are almost never found together in the same channel. Thus, they
show anti-bunching. As comparison, considering two distinguishable photons
the correlations are given by

Γq,r(z) = |Uq,m(z)Ur,n(z)|2 + |Uq,n(z)Ur,m(z)|2 , (2.18)

which leads to the four characteristic peaks in Fig. 2.6(d) and directly corre-
sponds to the intensity correlation when injecting coherent laser light in the
input ports m and n. Interestingly, although the correlation matrices for the
three input states are very different the average photon number is identical for
all of them since it is determined by the incoherent sum of the single site exci-
tations: nq(z) = |Uq,m(z)|2 + |Uq,n(z)|2 (see Fig. 2.6(a)). Therefore, it carries no
signature of photon indistinguishability, which is in strong contrast to the cor-
relations exhibited by indistinguishable photons. As it turns out, elements of
the correlation matrix from distinguishable photons obey the Bell-like inequal-
ity
√

Γq,qΓr,r − Γq,r < 0 [52]. It becomes more stringent for phase averaged
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Figure 2.6.: Quantum correlations in a homogeneously coupled array of 40 waveguides with
centered two-photon excitation at sites m = 20 and n = 21. (a) Evolution of the average photon
number nq(z). (b) Correlation map Γq,r at the output for the case of both photons being indis-
tinguishable and prepared in a separable state and (c) both photons enter in the path-entangled
state 1

2
[
( â†

20)
2 + ( â†

21)
2] |0〉. The patterns clearly show photon bunching and anti-bunching,

respectively. (d) Correlation map for two distinguishable photons exhibiting the characteristic
four peaks.

coherent laser light [35, 36]:

Vq,r =
1
3

√
Γq,qΓr,r − Γq,r < 0 . (2.19)

This case represents the upper limit that can be achieved without multi-photon
interference. Hence, violations with Vq,r > 0 are an unambiguous sign of non-
classical two-photon correlations caused by interference of indistinguishable
photons. It is worth to mention that a HOM-dip visibility of 50% corresponds

to V1,2 = 1
3

√
3
4 ×

3
4 −

1
4 = 0, which is exactly the reason the visibility needs to be

above this limit to ensure non-classical behavior of indistinguishable photons.
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Summarized, when two or more indistinguishable photons propagate in wave-
guide arrays, even without any interaction, their intensity correlations shed
light onto the non-classical QW behavior.

As outlined in the Introduction (Chapter 1) QWs in waveguide lattices with
intricate geometry will be an important subject of investigation in this work.
Such systems are for instance implemented via detunings in the propagation
constants of the waveguides or by exploiting the second transverse spatial di-
mension. These strategies necessitate a method that is capable of fabricating
waveguides in a 3D geometry and further allows a precise control of their pa-
rameters. The direct inscription by ultrashort laser pulses into glass is such a
technique and will be explained in the next section.

2.4. Direct laser inscription of waveguides

Fused silica glass is a commonly used material for integrated photonics. Since
its energy gap between its valance and conduction band is much larger than
the energy of a photon from the visible or near-infrared range it is transparent
to these wavelengths. Furthermore, it matches the refractive index of standard
optical fibers [53, 54]. However, its transparency to a broad wavelength range
makes it also hard to optically process the material. Nonetheless in the focal
volume of ultrashort laser pulses very high light intensities are reached causing
both field ionization and multi-photon absorption processes. As a result, the re-
fractive index of the material can be permanently increased in the focal region,
thus, building a light guiding core [33]. By moving the glass sample through
the laser focus one can literally write waveguides as sketched in Fig. 2.7. Due to
the fact that the modification occurs in the focal volume only, one can move the
glass sample on 3D trajectories, and thus, create 3D waveguide structures. This
is one of the main advantages of this technique compared to lithographic ap-
proaches. However, due to the refractive index increase in the order of ∼ 10−3

the bending radii of curved waveguides are limited to the centimeter regime. In
straight guides losses are in the range of 0.3. . . 0.9 dB/cm. Moreover, the prop-

26



2.4 Direct laser inscription of waveguides

mode field
@ 815nm

20µm

refractive index
contrast

10-3

0

12µm

(b)(a)

29µm

800nm
150fs
500µJ

Figure 2.7.: Direct laser writing. (a) Microscopic image of a cross section of a laser written
waveguide structure. (b) Waveguides are inscribed by focusing ultrashort laser pulses into a
glass sample and moving the sample through the incident beam. This causes a permanent
refractive index increase in the focal volume. Accordingly, light is guided in these structures.

agation constant β of a waveguide (defined by it refractive index increase) can
be precisely controlled by both the inscription power and velocity. The slower
the inscription the more energy is deposited per unit length and the larger is β

and vice versa. Even though this has also an impact on the coupling strengths
the effect is much weaker than the influence on the propagation constant and
can be neglected in most cases. As mentioned in Sec. 2.2 the coupling is gov-
erned by the evanescent field overlap of the waveguide modes with adjacent
guides. Accordingly it depends on the distance between two waveguides in an
exponential manner.

All waveguide structures in this work were inscribed either in Corningr HPFSr

7980 Standard Grade or in Corningr HPFSr 7980 ArF Grade by a laser system
from Coherent (pump Verdi V18, oscillator Mira 900, and amplifier RegA 9000).
This laser systems provides ultrashort pulses at 800 nm center wavelength and
100 kHz repetition rate with a pulse length of approximately 150 fs at full width
half maximum (FWHM) and pulse energy of roughly 500 nJ. The laser pulses
are focused using a 20×-objective (numerical aperture NA = 0.35). The sam-
ples are moved by a three-axis translation stage (Aerotech ANT130) with a max-
imum processing length of 15 cm at an inscription velocity typically between
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60 mm/min and 100 mm/min. This way, waveguides with an elliptical cross
section of around 2 µm× 10 µm are created as it is exemplary shown in
Fig. 2.7(a). Hence, the waveguide modes are elliptical as well as one can see
from Fig. 2.7(b). Their size depends on the refractive index increase defined by
the amount of energy deposited per unit length and varies from 10 µm× 15 µm
to 15 µm× 20 µm (FWHM) at 815 nm. To send in and couple out single photons,
fiber arrays are used (see also next Sec. 2.5). In these structures eight fibers are
horizontally aligned with a core-to-core distance of 127 µm. This necessitates
a fan-in and fan-out structure before and after the actual waveguide interac-
tion region, since considerable coupling dynamics take place in the range of
18. . . 35 µm (corresponding to coupling strengths κ ≈ 1.5 . . . 0.1 cm−1). In addi-
tion, the fiber array at the input side consists of polarization-maintaining single-
mode fibers, which typically feature a mode size of approximately
5.5 µm× 5.5 µm. In consequence, the mode fields of the inscribed waveguides
have to be as small as possible to minimize in- and out-coupling losses with the
fiber arrays. As it turned out recently, inscribing the first and last few millime-
ters of a waveguide multiple times can shrink the modes sizes down to approx-
imately 6 µm× 12 µm at the input and output facet. In doing so the power is
linearly changed along this few millimeters from slightly beneath the threshold,
where glass modification just starts, to a value above, but below the inscription
power used in the main part of the waveguide lattice.

In summary, direct laser-writing with ultrashort laser pulses allows the fabri-
cation of sophisticated waveguide structures. The fast single step prototyping
together with highly controllable parameters and especially the 3D capability
renders it to a convenient technique for quantum photonic applications.

2.5. Generating and detecting indistinguishable
photon pairs

As shown in the previous section, waveguides in glass samples are ideally
suited to study photonic QWs. In addition, expedient photon sources as well as
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reliable single photon detectors are required to perform such experiments.

The most commonly used source for indistinguishable or entangled photon
pairs* is based on spontaneous parametric down-conversion (SPDC) [55, 56].
In this process, a pump photon at frequency ωp is (down-)converted into sig-
nal and idler photons at frequencies ωs and ωi, respectively in a second-order
non-linear crystal. Naturally, the conservation of both energy (ωp = ωs + ωi)
and momentum (phase matching of the wavevectors kp = ks + ki) holds. Con-
sequently, the down-converted photon pair is emitted in certain directions only,
determined by the photon frequencies, refractive indices, polarization, and the
orientation of the non-linear crystal. For homogeneous crystals, one distin-
guishes between two types of phase matching. While for type-I phase match-
ing signal and idler photons are identically polarized (and orthogonally to the
pump photon) they show orthogonal polarization for the type-II phase match-
ing [55]. The photon source used for all experiments presented in this work
is based on type-I phase matching condition. As indicated in Fig. 2.8(a) signal
and idler photons have a certain angle θs and θi, respectively, with respect to the
pump direction. Depending on the angle Θ between the pump beam and the
optical axis orientation in the crystal, the generation of identical photon pairs
is possible by a degenerate type-I phase matched SPDC (same polarization for
signal and idler). That means, ωs = ωi = ωp/2 and thus, θs = θi. As a result,
photons emerge pairwise on opposite sites of a cone with an opening angle of
2θs (see Fig. 2.8(b)). By collecting photons at two opposite points of the cone,
pairs of indistinguishable photons can be used for further investigations. This
way, different photon states can be prepared from these pairs to provide various
QW input states.

In the visible and the near-infrared regime single photon detection is conve-
niently done via silicon avalanche photo diodes. In these semiconductor de-
vices a large voltage is applied against the current transmitting direction of their
pn-junction. An incoming photon is absorbed by generating an electron-hole

*SPDC also generates photon states containing multiple pairs. However, their probability in
the continuous pump regime and in the context of the experimental setting in this work is
negligible.
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Figure 2.8.: Spontaneous parametric down conversion in a non-linear crystal. (a) A pump pho-
ton with wavevector kp is converted into signal and idler photon with ks and ki, respectively.
Both photons emerge under a certain angle θs and θi, respectively. (b) In the degenerate case of
θs = θi photons leave the crystal in a cone geometry, which can be observed at a certain distance
as a ring on a CCD. The bright spot in the middle is the strongly damped pump beam.

pair. Both charge carriers are separated and accelerated so strongly that they
generate more carriers by impact ionization. This leads to an avalanche of car-
riers, which are detected as macroscopic current. Typically their dead time is
around a few tens of nanoseconds (the time the detector remains "blind" after a
detection event). Naturally, based on their working principle, it is not possible
to distinguish whether there have been one, two, or even more photons imping-
ing on the detector within the dead time window. For that reasons such detec-
tors are often called "click" or on-off detectors. In contrast, recently developed
superconducting transitions edge sensors (TES) are capable of photon-number
resolution [57, 58]. There, an absorbed photon electro-thermally increases the
resistance and thus, leads to a decreasing TES current, which is measurable and
most importantly proportional to the number of absorbed photons. Evidently,
these sophisticated devices with a detection efficiency of almost one offer many
new possibilities and advantages but also go hand in hand with some disad-
vantages: They have a jitter four orders of magnitudes longer than in avalanche
photo diodes and a dead time in the range of a few microseconds [59]. Further,
the capacity for photon number resolution is limited to a few photons only,
since the linear correspondence to the TES current breaks down for larger pho-
ton numbers. Additionally, the discrimination between N and N + 1 photons
becomes less efficient for higher photon numbers N. Another drawback is the
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cryogenic environment needed for TES, which makes them thoroughly expen-
sive. Therefore, all experimental photon detection in this work was performed
via avalanche photo diode based single photon counting modules of type SPCM
CD 3398 H from Excelitas, which operate at room temperature and are commer-
cially available. They offer a detection efficiency above 50%, a dark count rate
below 50 counts per second and a dead time of 20 ns.

As it will be demonstrated in Chapter 4 standard on-off detectors are capable of
collecting click distributions likewise meaningful as the genuine photon statis-
tics. For that purpose the state of light to be analyzed has to undergo a QW on
a tailored multiplexing lattice before impinging on the detectors.

The full setup for QW experiments discussed in this work is depicted in Fig. 2.9.
The type I SPDC is driven by a 407.5 nm diode laser (Coherent OBIS 405) at
70. . . 100 mW optical power. The non-linear bismuth borate crystal is 1 mm thick
and orientated such that signal and idler photons at 815 nm emerge with an
opening angle (after refraction at the crystal-air surface) of 2θs = 14.4◦. Since
SPDC yields a rather broad spectrum, proper filtering of signal and idler is
needed to increase their indistinguishability. This is done by 3 nm bandpass
filters (Semrock 830nm MaxLiner; allow 815 nm center wavelength under a cer-
tain angle). By coupling the photons into polarization maintaining single-mode
fibers two opposite points of the photon cone are selected. These fibers can be
connected to any of the eight polarization maintaining single-mode fibers of the
input fiber array. There, the fibers are directly butt coupled to the waveguides
within the glass sample. Hence, the waveguide structures need a fan-in and
fan-out structure. In the glass chip the photons undergo a QW in the inscribed
waveguide lattice. Note, further state preparation can be either done externally,
with e.g. a fiber beam splitter, or on-chip by tailored waveguide structures.
At the fan-out side a fiber array of eight multi-mode (not polarization main-
taining) fibers is attached and routes out-coming photons to the single photon
detectors described above. Using multi-mode fibers at the output side bears the
advantage of maximized coupling efficiency, whereas the polarization state of
the photons does not need to be maintained at this stage. A 16-channel corre-
lation card (Becker & Hickel DPC 230) allows to not only collect the single count
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Figure 2.9.: Schematic image of the quantum setup used for measurements presented in this
thesis. Optional, one of the blue input fibers can be directly connected to another (ninth) single-
photon detector (APD) such that photons from there can trigger the measurements.

rates but also to register joint detector clicks (coincidences) within a minimum
time window of 165 ps.

The description of the theoretical concepts as well as the experimental tech-
niques can be partially found in [34] and [32].
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CHAPTER 3

High-order single-photon W-states
on-chip

As extension of Sec. 2.3 one can consider the entanglement of more than only
two physical systems. Such multipartite entanglement plays a key role in a
number of counter-intuitive phenomena in quantum mechanics [60–63].
Among the possible types of maximally entangled states are the so-called W-
states, which were first introduced as a coherent superposition of three qubit
states exhibiting equal probability amplitudes [64]. The entanglement carried
by these quantum entities has the remarkable property of being intrinsically
robust to decoherence in one of the qubits. This concept can be readily general-
ized to N qubits. Based on their unique properties, photonic W-states have been
proposed as a platform to explore fundamental phenomena linked to the non-
locality of single-particle quantum states [65–73]. Photonic W-states of order N
means here the situation where a single photon is coherently shared among N
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paths or modes [74, 75]:

|WN〉 =
1√
N

N

∑
n=1

eiφn â†
n |0〉

=
1√
N

(
eiφ1 |10 . . . 0〉+ eiφ2 |01 . . . 0〉+ . . . + eiφN |00 . . . 1〉

)
,

(3.1)

where φn are arbitrary but fixed relative phases. This intrinsic spatial quan-
tum "parallelism" could be potentially useful in a number of applications rang-
ing from quantum networks to quantum key distribution and communication
schemes [75].

To date the preparation of such multipartite entangled states is still a chal-
lenging task and has relied on bulk optics [76–79]. This could be an impedi-
ment, especially in settings where miniaturization is an issue. Along these lines,
two approaches for the efficient generation of singe-photon W-states based on
continuous- and discrete-time single-photon QWs are developed and imple-
mented in the first part of this chapter. Subsequently, a verification scheme
is presented. The chapter will be closed by introducing a new promising appli-
cation of W-states, that is, the generation of genuine random numbers.

3.1. Generation of single-photon W-states

The creation of W-states can be realized on the basis of continuous- or discrete-
time QWs of single photons in waveguide lattices. The former scheme is pre-
destined for but not limited to odd orders N [80]. At this, single photons are
launched into the central waveguide c of a waveguide array of N = 2c − 1
identical guides with a tailored coupling distribution. The hopping rates κj,j±1

are designed such that the probability to find a photon launched at site c is equal
for all output channels after a certain propagation length. To elucidate this, one
can consider the preparation of a W-state of order N = 3 by using a waveguide
trimer comprising identical coupling coefficients κ1,2 = κ2,3 = κ. According to
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Eqs. 2.10 & 2.11 the Heisenberg equation is given by

d
dz

 â†
1(z)

â†
2(z)

â†
3(z)

 = i

0 κ 0
κ 0 κ

0 κ 0


 â†

1(0)
â†

2(0)
â†

3(0)

 (3.2)

with the solution â†
1(z)

â†
2(z)

â†
3(z)

 =


cos2( κz√

2
) − i√

2
sin(
√

2κz) − sin2( κz√
2
)

− i√
2

sin(
√

2κz) cos2(
√

2κz) − i√
2

sin(
√

2κz)

− sin2( κz√
2
) − i√

2
sin(
√

2κz) cos2( κz√
2
)


 â†

1(0)
â†

2(0)
â†

3(0)

 .

(3.3)

Hence, by sending a single photon into the central waveguide the input state
â†

2 |0〉 evolves to |W3〉 = 1√
3

(
i â†

1 + â†
2 + i â†

3
)
|0〉 after the propagation length

zW = arctan
√

2/
√

2κ. Thus, the photon is in a coherent superposition with
equal probability of 1/3 to be found in any of the three channels. This is il-
lustrated in Fig. 3.1(a). Going one step further to five guides, the Heisenberg
equation becomes

d
dz


â†

1(z)
â†

2(z)
â†

3(z)
â†

4(z)
â†

5(z)

 = i


0 κ1 0 0 0
κ1 0 κ2 0 0
0 κ2 0 κ2 0
0 0 κ2 0 κ1

0 0 0 0 κ1




â†

1(0)
â†

2(0)
â†

3(0)
â†

4(0)
â†

5(0)

 . (3.4)

Here, again symmetric coupling around the central guide is assumed: κ1,2 =

κ4,5 = κ1 and κ2,3 = κ3,4 = κ2. A simple analytic solution as in the previ-
ous case is not possible anymore. However, a straight forward numeric cal-
culation reveals, that for κ1/κ2 ≈ 1.618 a single photon started in the central
guide ( â†

3 |0〉) yields the W-state |W5〉 = 1√
5

(
− â†

1 + i â†
2 + â†

3 + i â†
4 − â†

5
)
|0〉 at

zW ≈ 0.861/κ2, which is displayed in Fig. 3.1(b). In that manner, by engineer-
ing the couplings in waveguide arrays one can fabricate various odd ordered
W-states. Practically, in direct laser written waveguides one is limited by the
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Figure 3.1.: Single-photon evolution in tailored waveguide lattices. (a) Photon density when the
central of three waveguides is excited. (b) Same as (a) but with five guides and different cou-
pling strengths κ1 and κ2. The propagation distance zW, at which an equal density distribution
is achieved, is marked by a dashed green line.

combination of the waveguide length and their mutual distances, determining
the coupling strength. For that reason, a tailored array of N = 5 waveguides
as shown in Fig. 3.2(a) was experimentally realized. The length of the inter-
action region was zW = 5 cm and the couplings, respectively the distances,
were chosen according to the parameters described above. Single photons, pro-
vided by one arm of the SPDC source presented in Sec. 2.5, were sent into the
corresponding waveguide structure inscribed into a glass chip. By collecting
the output click-statistic one finds a flat probability distribution as presented
in Fig. 3.2(c). The probability to detect a photon in one of the five channels is
PN=5 = 20.0 ± 0.9 where the standard deviation is caused by the deviations
from a perfectly uniform distribution. Those uncertainties origin on the one
hand from fabrication tolerances. In particular the limited precision of the po-
sitioning system of approximately 0.2 µm leads to not-perfectly matching cou-
pling constants. On the other hand, the fan-out structure affects the photon
probability distribution in a non-uniform way by both slightly different bend-
ing losses and non-trivially changing coupling strengths. While the former ef-
fect was minimized by sufficient large bending radii the latter one is accounted
by a 3D fanning geometry. Bending the waveguides alternating up- and down-
wards rather rapidly and consecutively bringing them smoothly back in plane
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Figure 3.2.: On-chip generation of high-order single-photon W-states. (a) Approach based on
continuously coupled waveguides. The coupling strengths are designed such that after the
propagation of zW photons initially launched in the central guide are coherently shared among
all five guides with equal probability, thus, forming the state |W5〉. A fan-out region is added
to collect the photons with fiber arrays. (b) Scheme resting upon discrete splitting steps real-
ized with balanced directional couplers. Depending on the input channel ("1", "2", or "3") single
photons will be transformed to the W-states |W2〉, |W4〉, or |W8〉, respectively. (c) Experimen-
tally measured output probability statistics for detecting a photon for W-states of the orders
N = 2, 4, 5, 8, 16. All distribution are nearly uniform and their standard deviations (compared
to ideal uniform distributions) are shown as horizontal bars. Figure taken from [81].

with sufficient horizontal spacing minimizes further coupling in the fan-out re-
gion but cannot suppress it entirely. Although the probability distribution is
quite close to uniformity, this approach is at the borders of technical feasibil-
ity. Already the implementation with seven waveguides considerably deviates
from a uniform distribution yielding PN=7 = 14.3± 1.9. Positioning, and hence
coupling uncertainties become even more crucial. Nevertheless, with the ex-
perimental realization of W-states of order five the hitherto "world record" of
N = 4 [77] was exceeded.

The second approach to create W-states (of even order) is based on a discrete
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network of DCs as imaged in Fig. 3.2(b). Since solely 50:50 DCs are utilized,
only one coupling constant has to be matched promising a more viable imple-
mentation. The mesh shown in Fig. 3.2(b) enables a discrete-time QW of single
photons without the opportunity for path-interference. In this vein, sending
a single photon into input 1, it encounters one DC and hence, will be coher-
ently split between the two output ports resulting in the state (see Eq. 2.14)
|W2〉 = 1√

2

(
â†

1 + i â†
2
)
|0〉. By contrast, choosing input 2, the photon will be

split at the first DC and then both outputs will be divided again each at a dif-
ferent DC giving the state |W4〉 = 1

2

(
i â†

1 + â†
2 + i â†

3 − â†
4
)
|0〉 (compare Eq. 2.5).

Finally, launching the photon at input 3, it will face three consecutive splitting
stages yielding

|W8〉 =
1√
8

(
− â†

1 + i â†
2 + â†

3 + i â†
4 − â†

5 + i â†
6 − â†

7 − i â†
8

)
|0〉 , (3.5)

describing the situation where a single photon is shared among eight spatial
modes. The structure shown in Fig. 3.2(b) was inscribed in a glass sample
and single photons sent into the three different input ports. The experimen-
tally obtained probability statistics for all three cases are presented in Fig. 3.2(c).
Again, a very high uniformity can be seen and is validated by the probabilities
PN=2 = 50.0± 0.5, PN=4 = 25.0± 0.5, and PN=8 = 12.5± 0.7. This empha-
sizes the high fidelity of the waveguide structure and indicates the feasibility of
the discrete-time QW approach. It is further underpinned by the generation of
the state |W16〉. To this end, a waveguide lattice consisting of two layers of the
structure presented in Fig. 3.2(b) was realized with its input ports (input port 3)
connected by an additional vertically aligned DC. The output probability distri-
bution is still flat (see Fig. 3.2(c)), yet the fluctuations naturally slightly increase
resulting in PN=16 = 6.25± 0.8. With this, it is successfully demonstrated that
a single photon can be coherently split over 16 channels by means of a QW in
an integrated waveguide lattice. Evidently, by simply blocking output ports all
lower W-state orders, even and odd ones, can be realized. However, this would
go hand in hand with a decreased efficiency.
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3.2 Multi-partite entanglement verification

3.2. Multi-partite entanglement verification

The obtained probability distributions from the previous section shown in
Fig. 3.2(c) are all flat and close to uniformity, thus strongly indicating the gen-
eration of W-states. However, to be entirely sure that a multipartite entangled
W-states is created a faithful verification scheme is required. Conventionally, a
state tomography of the output states can bring certainty. Due to the tremen-
dous increase in complexity by the number of qubits for this method, it is highly
favorable to exploit an alternative characterization approach that exhibits a bet-
ter scaling. A first attempt would be a coherence test, meaning to check for the
coherent superposition of the single photons. In this vein, if a W-state of or-
der N is sent into an interferometer of N channels, the average photon number
distribution will be given by the modulus square of the sum of the individ-
ual single site excitations (see Sec. 2.2, especially Eq. 2.11). In other words, the
output probability distribution will be determined by the coherent sum of the
individual single site excitations:

coherent W-state: nq(z) ∼
∣∣∣∣∣ N

∑
j=1

Uq,j(z)

∣∣∣∣∣
2

. (3.6)

This is in strong contrast to the case when the single photons are separately
launched into an optical system. Then, according to Sec. 2.3, the average photon
number is given by the incoherent sum of the single site excitations:

incoherent single site excitations: nq(z) ∼
N

∑
j=1

∣∣Uq,j(z)
∣∣2 . (3.7)

Interestingly, when creating |W5〉 by a coupled waveguide array of length zW =

5 cm the very same system shows to be highly sensitive to the coherence of
the input state. Along these lines, single photons were individually sent into
all channels and their corresponding output probabilities were incoherently
summed up yielding a nearly uniform distribution as expected theoretically
(see Fig. 3.3(b) (right panel)). Now, by doubling the length to 2zW of the |W5〉
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generating array allows to test the coherent superposition of single photons at
zW (see Fig. 3.3(a)). Fig. 3.3(b) (top left) shows the experimentally obtained sin-
gle photon output statistics which matches the theoretical calculation (bottom
left) very close and is clearly non-uniform. This unequivocally verifies the co-
herent spreading of the single photon among five waveguides at zW.

Figure 3.3.: Validation of W-states. (a) Experimental system to verify the coherent single-photon
superposition of W-states with order N = 5. Injected single photons are expected to inhabit the
state |W5〉 after the propagation length zW. For confirmation the created state further propa-
gates until the propagation length 2zW where it shows a specific interference based output prob-
ability pattern. (b) Comparison of coherent (left) and incoherent (right) input into the second
interferometric array. Theory (top row) and experiments (bottom row) are congruent and reveal
the coherent superposition of single photons being in the state |W5〉. The incoherent measure-
ments were performed by launching single photons subsequently into the five input channels
(alternating colors) of an array of length zW and incoherently sum up the output probabilities.
(c) For the case of N = 8 the generated state is sent to an attached eightport-interferometer
projecting the desired state |W8〉 into one output channel. (d) Theoretical (top) and measured
(bottom) output statistics after the verification device proofing the multipartite entanglement of
the W-states by exceeding the required fidelity condition of 7/8. Figure taken from [81].
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3.2 Multi-partite entanglement verification

The coherence of the single photons was also successfully tested for the dis-
crete W-state generation scheme for the case of N = 4. Beyond this, a direct
proof of the multipartite entanglement for W-states of order N = 8 has been
implemented. To this end, one can follow the approach by Lougovski et al. [82]
to project the state onto a basis of N orthogonal W-states |W(k)

N 〉 (k = 1 . . . N)

that vary in their phase distribution and include the state under consideration
in Eq. 3.5. Such a projection is performed by applying a unitary transforma-
tion V̂ mapping each of the orthogonal W-states onto one particular channel
V̂ |W(k)

N 〉 = â†
k |0〉. Considering now an unknown state with density matrix ρ̂,

it will evolve as ˆ̃ρ = V̂†ρ̂V̂. Hence, its overlap with the state |W(k)
N 〉 is given by

the probability to find a photon in channel k:

F = 〈W(k)
N |ρ̂|W

(k)
N 〉 = 〈W

(k)
N |V̂

†V̂ρ̂V̂†V̂|W(k)
N 〉 = 〈0| âk ˆ̃ρ â†

k |0〉 = ˆ̃ρkk . (3.8)

Intriguingly, it holds that the fidelity is always below a certain threshold for
all biseparable states: F ≤ (N − 1)/N [83, 84]. That way, obtaining a fidelity
above the given threshold is a sufficient criterion to verify genuine N-partite
entanglement in the state ρ̂.

Along these lines the unitary V̂ for the case of N = 8 is realized by the waveg-
uide structure shown in Fig. 3.3(c). This eight-port interferometer allows cou-
pling between all modes and projects certain single photon W-states at the input
to one single output channel depending on the phase distribution of the input
state. In doing so, the regarded input state |W8〉 from Eq. 3.5 will be projected to
output guide number eight (k = 8). To put it another way, if the state, sent into
the interferometric QW structure, is |W8〉, photons will emerge only from port
eight. In that particular case, if the fidelity of this process is above the thresh-
old of 7/8, the eightpartite entanglement is indeed confirmed. As depicted in
Fig. 3.3(c) such an eight-port interferometer was inscribed into a second glass
chip that was attached to the first chip generating the W-states. Measuring the
output probability statistics at the end of the verification chip (see Fig. 3.3(d))
yields a fidelity of F = 0.981± 0.004 > 7/8 clearly violating the fidelity crite-
rion. Hence, eight-mode entanglement is experimentally verified for the |W8〉
state. While the deviation of the fidelity from unity is mainly caused by the
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non-uniformity of the output probability distribution of |W8〉 (see Fig. 3.2(c)),
its uncertainty is determined by the Poissonian (or more precisely binomial; see
Chapter 4) count statistics in the output waveguide of the verification chip.

By giving evidence of the multipartite entanglement it is possible to demon-
strate that single photons, undergoing a discrete-time QW on a cascaded lattice
of DCs, form W-states. As a result a very robust and miniaturized generation
method for high-order W-states is accomplished not only exceeding the former
limit in size by a factor of four but also enabling new applications.

3.3. Random number generation

The generation of random numbers is a key issue to enable (quantum) secure
communication. Despite the fact that one can find various algorithms for ran-
dom number generation on (classical) computers this topic is still crucial since
all these algorithms are essentially predictable and thus, often called pseudo-
random numbers. Indeed, many applications demand genuine random events,
which can only be found in quantum physics. Accordingly, methods exploiting
vacuum fluctuations [85], radioactive decay [86], or attenuated light [87] have
been realized for providing genuine random numbers. Since the first method is
based on Gaussian statistics and the latter two feature a Poissonian one, post-
processing of the obtained data by a so-called Hash function, for conversion
into a uniform distribution, is compulsory. Another promising technique, mak-
ing post-processing obsolete, is to send single photons into a 50:50 beam split-
ter and utilize their random outcome in reflection and transmission channel,
respectively, when being detected [88]. In doing so M subsequent photons are
feasible to generate a random number out of the range 0 . . . 2M − 1. Apply-
ing now projective measurements on high-order single photon W-states seems
like a natural extension of this basic principle. Their already uniform probabil-
ity statistics render Hash functions or any other post-processing unnecessary.
Moreover, the random number range scales very beneficial with the order N
of the W-states: 0 . . . NM − 1. In other words: Exploiting the state |WN〉 is like
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rolling a N-sided (quantum) dice. In order to stress this fact, one can consider
the case of three photons consecutively sent on a single beam splitter, which
enables the generation of a random number between 0 and 7. In contrast, uti-
lizing three photons in a row, each prepared in, e.g., the state |W16〉, can yield
a random number between 0 and 4095. Additionally, for high photon fluxes
the single beam splitter scheme can easily suffer from detector saturation. This
is avoided for high-order W-states, where the photon flux is split over many
channels.

The principle of efficiently generating genuine random numbers through high-
order single-photon W-states is exemplified and demonstrated experimentally
for |W8〉 states. For that purpose one can associate a random number m =

n − 1 = 0 . . . 7 with detecting a photon in channel n = 1 . . . 8. In this way a
three-digit number is generated. Through concatenating detection events one
can assemble higher-digit random numbers. The experimental setup used here
requires only the conversion from photon detection events into the digital for-
mat and no post-processing. In order to verify the randomness the standard
statistical test suit for random numbers from the National Institute of Standards
and Technology [89] was applied to an arbitrarily chosen sample set of 1 Mbit
recorded at an average generation rate of 60 kbit/s. This test suite contains 15
randomness tests. For instance the first test checks the equal distribution of
digital "zeros" and "ones". The maximum deviation of the ideal 50:50 ratio was
found to be 3.444× 10−4. The recorded data successfully passed all 15 test. The
names of the tests and their individual outcomes are summarized in Tab. 3.1.

This results unambiguously reveal the good suitability of high-order single pho-
ton W-states for random number generation. Though, the bit rates used here are
a magnitude lower than in already established schemes [85, 87] but the lack of
post-processing is an important advantage of this approach. Besides, the limit-
ing factor is not the photonic system rather than the photon flux and the detec-
tion speed and efficiency. Hence, employing brighter photon sources as well as
faster and more efficient detectors can give an enormous boost in generation bit
rates [90, 91].
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In summary, high-order photonic W-states have been efficiently generated by
QWs of single photons in integrated waveguide lattices. Their multipartite en-
tanglement was verified and a new application successfully introduced, that is,
the generation of genuine random numbers. A compact version of the work
discussed in this chapter can be found in [81].

Table 3.1.: Statistical test suite from the National Institute of Standards and Technology. All tests
were applied to an arbitrarily chosen random bit sequence of 1 Mbit. Note, a given sequence is
supposed to be random with a significance level of 0.01 when each P-value is larger than 0.0001.
Table reproduced from [81].

statistical test P-value outcome
frequency 0.39562 success
block frequency 0.58495 success
cumulative sums 0.47015 success
runs 0.58495 success
longest run 0.30636 success
rank 0.12829 success
FFT 0.61638 success
non-periodic templates 0.82541 success
overlapping templates 0.34230 success
universal 0.04215 success
approximate entropy 0.71287 success
random excursions 0.10208 success
random excursions variants 0.89837 success
serial 0.11428 success
linear complexity 0.43006 success
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CHAPTER 4

Multiplexed detection for characteri-
zation of light states

To distinguish whether a given light field exhibits quantum features or not is
a crucial task in photonic quantum science. It can be achieved by evaluating
the photon number statistics in that light field. For this purpose the individ-
ual photons can be detected and counted in a photon-number resolving man-
ner. Furthermore, quite recently a very potential application has been demon-
strated [92]. Coherent optical communication with a performance above the
standard quantum limit has been enabled by means of photon-number resolved
detection. As already outlined in Sec. 2.5 superconducting transition edge sen-
sors are capable of resolving the number of detected photons [57, 58]. Unfortu-
nately, they require cryogenic cooling, are rather slow and up to now their per-
formance becomes poor for photon numbers higher than ten [57]. On the con-
trary, standard on-off detectors (also called "click" detectors) based on avalanche
photo diodes cannot discriminate between the number of impinging photons.
In other words, no matter if one or two or more photons hit the detector at
the same time, they will all be registered as one click. In this chapter, a possible
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solution to this problem will be presented. Based on a QW akin to a divide-and-
conquer scheme, the genuine nature of given light states can be unambiguously
determined harnessing standard on-off detectors only. The first section will ex-
plain the theoretical idea behind this approach, which exploits merely the click
statistics provided by on-off detectors instead of the photon statistics. The sub-
sequent section deals with the experimental verification of the proposed scheme
and its application to characterize single-photon sources.

4.1. Photon number statistics vs. click statistics

It is well-known that the nature of light is specified by its photon statistics.
In this vein, classical fields like thermal light from a candle exhibit a super-
Poissonian distribution of the photon number whereas the distribution is sub-
Poissonian for quantum light such as photons prepared in a Fock state [42, 43]
(see Fig. 4.1). Interestingly, photons in a coherent state follow a Poissonian
statistics [42, 43], thus living up to the expectations to be on the border line
between the quantum and the classical domain. This is one of the reasons why
they are considered as "the most classical quantum states". Supplementary in-
formation on coherent states can be found in the Appendix A. By employing the
first and second moments of the photon number distribution, more precisely
mean value 〈n〉* and variance

〈
(∆n)2〉 = 〈n2〉 - 〈n〉2, Mandel introduced a mea-

sure for the non-classicality already in 1979, now called Mandel parameter [93]

QM =

〈
(∆n)2〉
〈n〉 − 1 . (4.1)

It is negative for sub-Poissonian statistics, and hence, for non-classical light
fields. In contrast, classical fields with a super-Poissonian statistics yield a pos-
itive QM value and it becomes zero for coherent states (Poissonian). Note that

*In difference to the rest of this thesis the average photon number is indicated by 〈n〉 (instead
of simply n) throughout the hole chapter (and the Appendix A). This step is necessary for
better distinction and to emphasize its statistical property as an average. Hence, it holds
〈n〉 = 〈ψ|n̂|ψ〉 = 〈ψ| â† â|ψ〉 with the photon number operator n̂ = â† â.
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Figure 4.1.: Photon number statistics for different states: thermal, Fock, and coherent state
follow a super-, sub-, and Poissonian statistics, respectively. The mean photon number 〈n〉 = 4
is identical in all three cases. The right vertical axis applies to the Fock state distribution only.

a calculation of the QM requires access to the full photon number statistics. As
mentioned in the introduction to this chapter, standard on-off detectors only
provide click statistics that is not equal to the photon number distribution. Con-
sequently, in such a situation the calculation of the Mandel parameter fails and
QM can indeed become negative for an entirely classical field [94]. In the follow-
ing, we will introduce an alternative measure utilizing clicks from on-off detec-
tors only. To this end, we will employ multiplexing of the incoming light field
into N modes, each impinging on a separate detector. In particular, an incoming
state of light is uniformly distributed among the N detectors and each photon
will be detected by a certain detector with probability 1/N. Further, two pho-
tons will be detected in different channels with a probability of 1− 1/N. Hence,
if one photon is detected, the probability to find the other in any other channel
is N− 1 times greater than to be found in the same one, and thus, being missed.
By implication, the scheme becomes more efficient the higher the number of
channels and converges to the genuine photon number statistics for very large
N. Nevertheless, it applies conveniently for a finite number of N ≥ 2 detectors.
Quite naturally, it does not matter in which degree of freedom the multiplexing
occurs. Accordingly, also a time-multiplexing approach has been put forward
in [95].
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Since any quantum state described by its density matrix ρ̂ can by expressed in
the Glauber-Sudarshan P representation as ρ̂ =

∫
d2α P(α) |α〉 〈α〉 [96, 97], it is

necessary to take only coherent states |α〉 into account (see Appendix A). As a
consequence, for any quantum state the probability to contain exactly n photons
is given by [93, 98],

pn = 〈n|ρ̂|n〉 =
∫

d2α P(α)
|α|2n

n!
e−|α|

2
=

〈
:

n̂n

n!
e−n̂ :

〉
, (4.2)

where : . . . : denotes normal ordering, e.g., : â â† : = â† â [99]. The above dis-
tribution built the basis for Mandel to develop his QM parameter. For better
understanding, one can consider the case where ρ represents a coherent state
|α′〉. Then the P function is P(α′) = δ(2)(α′ − α) and Eq. 4.2 becomes the well-
known Poisson photon distribution pn = e−〈n〉〈n〉n/n! for coherent states.

As Sperling et al. have revealed [94], the situation changes when considering
the actual photon counting distribution such that the probability of k ≤ N si-
multaneous click events between the N detectors is calculated as

ck =

〈
:

N!
k!(N − k)!

(
e−

n̂
N

)N−k (
1̂− e−

n̂
N

)k
:
〉

. (4.3)

At this, the expectation value of the exponential term is related to the probability
of zero clicks c0 = 〈: e−n̂ :〉. Taking a more realistic scenario into account with
a limited detector efficiency η ≤ 1 and a dark count rate (or more generally an
overall noise rate) ν the photon counting or click statistics becomes

ck =

〈
:
(

N
k

)
π̂k (1̂− π̂

)N−k :
〉

, (4.4)

where the expectation value of π̂ = : 1̂− e−(ηn̂+ν)/N : determines the probability
to register a click. In contrast to the Poissonian photon statistics pn this distribu-
tion becomes binomial as ck =

〈
(N

k )pk (1− p)N−k
〉

, with p = 1− e−(η|α|
2+ν)/N,

for a coherent state |α〉 (see Fig. 4.2(a)). Accordingly, classical and non-classical
light fields will result in a super- and sub-binomial distribution, respectively, as
illustrated in Fig. 4.2(b). In the same way Mandel defined a parameter based on
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Figure 4.2.: Quantum statistics. (a) Difference between Poissonian and binomial statistics.
Both distributions are quite similar for low mean values (average number of photons or clicks
〈n〉 = 〈k〉 = 2; solid lines), whereas they differ significantly for higher (〈n〉 = 〈k〉 = 10; dashed
lines). In all cases the number of detectors for registering clicks was set to N = 20. (b) Calcu-
lated different types of possible click statistics for the case of N = 8 and 〈k〉 = 0.25 expected
clicks per measurement in semilogarithmic plot. Associated to the super-, sub-, and binomial
distributions are QB = +0.22,−0.22, 0, respectively. Fig. 4.2(b) reproduced from [101].

photon statistics it is possible to define another parameter – QB – based on click
statistics in order to quantify non-classical light [100]:

QB = N
〈(∆k)2〉

〈k〉(N − 〈k〉) − 1


> 0 , for super-binomial click statistics

= 0 , for binomial click statistics

< 0 , for sub-binomial click statistics

, (4.5)

where 〈k〉 = ∑N
k=0 kck and 〈(∆k)2〉 = 〈k2〉 − 〈k〉2 are the mean number and

variance, respectively, of the number of joint click events at the N detectors.

It is known and particularly demonstrated in this framework [94] that the bino-
mial distribution converges to a Poissonian one for N → ∞, meaning that for a
large number of detectors the click statistics becomes the actual photon statis-
tics. In accordance with that, QB becomes the Mandel parameter.* Moreover, in
that limit any possible detector dead time can be overcome, since the probabil-

*For N → ∞ one finds 〈k〉 → 〈n〉 and N/(N − 〈k〉) → 1. Hence, comparing Eqs. 4.1 and 4.5

yields QB
N→∞−→ QM.
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ity to miss another photon shortly after a detection event in the same detector
converges to zero.

With the introduction of the QB parameter it is possible to evaluate the nature of
any given state of light by means of the photon counting statistics recorded from
N standard on-off detectors. Furthermore, real detectors with limited efficiency
and noise are included and the experimental procedure will be presented and
discussed in the next section.

4.2. Divide and conquer: characterization of light
states by on-off detectors

The experimental demonstration of the applicability of the QB parameter to
evaluate the non-classicality of an unknown state of light necessitates the uni-
form splitting of this state into N parts, each aligned to a detector. As revealed in
Chapter 3, a QW on a discrete network of DCs ensures such an equal splitting.
For that purpose, the very same waveguide structure for generating W-states
|W8〉was exploited as multiplexer to distribute incoming light fields over N = 8
channels. On the detection side, standard click detectors based on avalanche
photo diodes, as used for all experiments in this thesis, were applied. They are
not photon number resolving, and thus, only provide click distributions. The
measurement scheme works as follows: When launching light into the one-to-
eight multiplexer, the absolute number of joint click events Mk is registered by
the eight detectors, where k indicates again the number of detectors that clicked
within a time window of 10 ns as it is exemplarily shown in Fig. 4.3. Hence, the
probability of k joint detector events is given as the ratio of the absolute num-
ber of click events and the total number of time windows: ck = Mk/ ∑k Mk.
From that one can calculate the desired QB value. The approach is tested for
two cases: First, attenuated laser light is used, and second, single photons from
one arm of a down-conversion source are investigated. While the former case is
theoretically best described by a coherent state, the latter one can be idealized
as a single-photon Fock state.
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down-converted photons) on the right. Even though both distributions appear to be very sim-
ilar on a first view, they differ significantly in the statistics they follow. It is super-binomial on
the left but sub-binomial on the right, leading to a positive or negative QB value, respectively.

To this end classical laser light at 808 nm (provided by a laser diode) and with
a maximum photon flux of two million (clicks) per second was launched into
the multiplexer and detection events were recorded over 44 s. After the anal-
ysis just described above one finds QB = (1.712± 0.026)× 10−2 verifying the
super-binomial click statistics, and thus, the classical nature of coherent laser
light. Note, although often denoted as a coherent state, laser light differs in its
click (and also in its photon) statistics. Hence, for many purposes it is well ap-
proximated by a coherent state, but one should be aware of its inherent classical
nature.

In a second experiment photons at 815 nm, provided from one arm of the SPDC
source (see Fig. 2.9), were injected into the multiplexer. The other photon from
the down converted pair is used to trigger the measurement (known as "herald")
and was therefore directly send to another detector. In this way a heralding
efficiency of 18% with 65,000 counts per second before the multiplexing device
was achieved. Again, the relative frequencies ck were obtained from the number
of joint click events in one of the SPDC arms (triggered by the other). From
that QB = −(2.002± 0.049) × 10−2 was extracted, which clearly confirms the
quantum nature of the single-photon states provided by the heralded SPDC
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source. For clarification, considering pure single-photon Fock states and perfect
detectors with detection efficiency η = 1 and vanishing noise rate ν = 0 will
result in QB = −1. However, in a realistic scenario, the brightness of a source
is limited leading to many time bins with no click events such that QB features
much smaller absolute values. It is important to mention, that not the absolute
values are of interest, it is only the sign that matters in order to quantify the type
of statistics, and hence, the genuine nature of a state of light.

The fidelity of the divide-and-conquer scheme with standard click detectors
was additionally tested for different brightness levels of the two sources. To
this end, both the classical laser light and the down converted single photon
stream were attenuated by different neutral density filters. In all measurements
the recording time was adjusted to collect a minimum of 100 million (non-zero)
detection events. This corresponded to measurements times from 44 s up to
60 h. The results obtained in this way are presented in Fig. 4.4(a). Clearly, by at-
tenuating the photon flux, more time bins will feature no-click events and |QB|
becomes smaller and finally converges to zero. This is natural since for strong
damping the state to be detected is more or less the vacuum state, which of
cause can be understood as a coherent state with mean photon number zero:
|α = 0〉 = |0〉. However, as shown in the inset of Fig. 4.4(a), for all measure-
ments, the QB parameter exhibits the correct sign indicating the type of input
state.

The measurement uncertainties origin from two different issues. On the one
side imperfections in the QW multiplexer influence the photon counting statis-
tics leading to a systematic error. On the other side the limited measurement
time, respectively, the number of detections itself, reduces the accuracy of the
QB values. One can understand this as follows: It is quite unlikely to have
very hight joint click events like for k = 5 . . . 8. As consequence, even after
100 million clicks there were none fivefold or higher manifold events resulting
in setting c5,...,8 = 0, which does not perfectly match a (sub-/super-)binomial
distribution (see Fig. 4.3). This increases the statistical error on the first and sec-
ond moments of the click distribution ck and thus, the resulting QB parameter.
From that, it follows that the uncertainty of QB grows as the number of de-
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Figure 4.4.: QB parameter and characterization of light. (a) Experimentally obtained QB values
for classical laser light and heralded single photons from SPDC at different attenuations, and
thus, different average clicks per measurement 〈k〉. The inset is a semilogarithmic enlargement
of the region with very high damping. Even for extreme low photon fluxes, when the uncer-
tainties become larger than the absolute values, the sign of QB stays well defined, successfully
denoting the type of light field. (b) Experimental QB values for different damping rates of the
heralded single photons from the SPDC source compared to the theoretical curve of a pure
single-photon Fock-state. From the results one can extract a noise rate ν = 10−6 as it is typical
for a heralded photon source. Figure reproduced from [101].

tection events shrinks. Despite the fact that in Fig. 4.4(a) the uncertainties may
exceed the absolute values, it is worth to mention again that the sign of QB stays
well defined at all times. Besides, count rates of standard quantum sources are
sharply higher than in this low-yield regime.

Harnessing this procedure, it becomes possible to characterize single-photon
sources such as the SPDC source used here. It is supposed to provide single-
photon Fock states, for which one can find an analytical expression for the aver-
age click number 〈k〉 = N(1− e−ν) + ηe−ν and of the QB parameter as [101]

QB =

(
N − 1
N − η

)
−ηe−ν

N(1− e−ν) + ηe−ν
, (4.6)

only depending on the detection efficiency η and the noise count rate ν of the
complete system. Accordingly, one can extract the dark count rate from the
measured click statistics. For the quantum source used here, it is found to be
ν = 10−6 (see Fig. 4.4(b)), and thus, very low as in agreement with a heralded
source. This way, an efficient verification that the photons generated by the
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down-conversion process can be idealized as single-photon Fock states is feasi-
ble.

In essence, the photon counting statistics provided by standard on-off detectors
differs from the photon number distribution. This becomes crucial for many
detection issues, in particular for the determination whether a light field is non-
classical or not. Nevertheless, by virtue the QB parameter one can evaluate
the recorded click distribution without any data post-processing and decide for
the non-classicality of light even in case of extreme low photon fluxes. The
scheme has been verified in various experiments and its applicability to char-
acterize single-photon sources has been demonstrated. The results discussed in
this chapter are also presented in [101] in a condensed form.
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CHAPTER 5

Bloch oscillations of N00N states

In his seminal work from 1929 Felix Bloch considered the behavior of an elec-
tron wavefunction in a solid state lattice that is subjected to an external homoge-
neous electric field [102]. He predicted a periodic spreading and re-localization
of the electronic wavefunction, which is nowadays known as Bloch oscillation
(BO). This work conduced to the model of the electronic band structure that
became a fundamental concept in solid state physics. Nevertheless, since elec-
trons strongly interact with each other and their environment, electronic BOs
are hardly observable. Although originally conceived for electrons in solid
states, the idea of BOs holds for any wave-like propagation in all kind of lat-
tices. Hence, the evolution of light or the QW of photons, in e.g., photonic
waveguide lattices with a linear potential gradient, obeys the same principles
and allows the observation of BOs [103–105]. So far, all experiments on BOs
have been limited to single-particle dynamics. Bromberg et al. discussed the-
oretically the behavior of maximally entangled two-photon N00N states in a
photonic Bloch oscillator lattice [106]. They spend particular interest on the
evolution of the two-photon correlation function and predicted a cyclic change
during evolution. As part of this thesis, BOs of path-entangled photon pairs
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have been experimentally implemented and investigated as QWs in waveguide
lattices. The correlation cycle could be experimentally confirmed and the cor-
relations reveal a strong dependence on the mode-exchange symmetry of the
path-entangled states. Those input states were efficiently generated by detuned
DCs that are the subject of the first section of this chapter. This is followed by
a section about the implementation of N00N state BOs and the experimental
results.

5.1. On-chip generation of path-entangled states
with tailored symmetry

In order to observe QWs of two-photon N00N states with a tailored mode-
exchange symmetry in a Bloch oscillator lattice it is crucial to efficiently generate
these states in an integrated manner. As it was shown in Sec. 2.3 (in particular by
Eq. 2.14) two indistinguishable photons are transformed by a 50:50 DC into the
path-entangled state (with the freedom of a global phase) 1

2

[
( â†

1)
2 + ( â†

2)
2] |0〉,

which is symmetric under exchange of the waveguide modes. In order to
achieve any other exchange phase between the two path possibilities one can
introduce a phase shift in one of the arms at the output side. However, this
would go hand in hand with adding an extra section to the DC, which may
also exhibit additional losses when being curved [107]. A more elegant way
is to make use of a degree of freedom the DCs offer. In fact, the propagation
constants of the waveguides can be tuned. To describe a system of two evanes-
cently coupled waveguides with a difference in their propagation constants of
∆β (see Fig. 5.1(a)) Eq. 2.1 becomes (see also Eqs. 2.9 & 2.10)

d
dz

(
â†

1(z)
â†

2(z)

)
= i

(
β0 + ∆β κ

κ β0

)(
â†

1(z)
â†

2(z)

)
. (5.1)
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The solution in a moving reference frame ( â†
q(z)→ â†

q(z)eiβ0z) is(
â†

1(z)
â†

2(z)

)
= ei ∆β

2

(
cos(κ̃z) + i ∆β

2κ̃ sin(κ̃z) iκ
κ̃ sin(κ̃z)

iκ
κ̃ sin(κ̃z) cos(κ̃z)− i ∆β

2κ̃ sin(κ̃z)

)(
â†

1(0)
â†

2(0)

)
,

(5.2)

with the effective coupling constant κ̃ =
√
(∆β/2)2 + κ2. This detuned DC fea-

tures a 50:50 splitting ratio for the length z = arcsin(κ̃/
√

2κ)/κ̃. Accordingly,
this allows a maximum detuning of ∆β = 2κ. The intensity or photon density
oscillation when injecting coherent light or a single photon into one channel is
displayed in Fig. 5.1(b) for the detuning strengths ∆β = 0, κ, 2κ. Also from there
it becomes clear that equal splitting is only feasible up to the detuning thresh-
old ∆β = 2κ. Additionally shown is the z-dependence of the phase difference
between the two channels

∆ϕm := ϕ2 − ϕ1 = (−1)m−1 π

2
− arctan

[
∆β

2κ̃
tan(κ̃z)

]
, (5.3)

when exciting waveguide m = 1, 2. In this vein a single photon input state is
transformed into a path-entangled state according to

â†
m |0〉

detuned DC−→ 1√
2

(
â†

1 + ei∆ϕm â†
2

)
|0〉 . (5.4)

Accordingly, in the case of identical guides (∆β = 0) one finds κ̃ = κ and a
50:50 splitting ratio at z = π/4κ as well as ∆ϕ1,2 = π/2 as already known
from Sec. 2.1. In contrast, for maximum detuning (∆β = 2κ) one finds κ̃ =√

2κ and equal splitting at z =
√

2π/4κ. Further, at this z-position reflection
and transmission channel are either in phase (when exciting waveguide m =

1) or they are out of phase by ∆ϕ2 = π (when exciting waveguide m = 2).
Interestingly, in that particular case the device will act as a Hadamard gate for
path-encoded photonic qubits, which is another potential application.

For the experimental implementation of this scheme three detuned DCs with
the detunings ∆β = 0, κ, 2κ were fabricated and tested for their 50:50 splitting
ratio. Their detuning was controlled via the inscription velocity (changed at the
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Figure 5.1.: Detuned directional coupler. (a) Scheme of a detuned DC where one of the straight
parts exhibits a difference in its propagation constant of ∆β with respect to the other. (b) Pho-
ton density (top row) and phase difference (bottom row) over the interaction length (straight
section) for detunings ∆β = 0, κ, 2κ. The phase difference also depends on the excited channel.
The z-position of an balanced splitting ratio is marked by green dashed lines and labeled with
z50:50. Figure reproduced from [108].

straight sections only). The minimum inter-waveguide distance was chosen to
be rather large (24.7 µm) and the bending region as short as feasible in order to
confine coupling dynamics to the straight region. The pertinent experimental
parameters are summarized in Tab. 5.1. Uncertainties arise due to the limited
positioning precision and some minimized but not completely vanishing cou-
pling within the bended regions. However, the deviations are negligible for the
experimental realization as one can see by testing the correct 50:50 splitting op-
eration. In doing so, single photons were sent into one of the input ports and
their output probabilities were measured. Fig. 5.2 presents the results for the
three detuned DC devices. One can clearly notice the almost perfectly balanced
splitting ratio in all settings. The data reveal an average transmission rate of
(50.4± 0.8)%.

In addition to the equal splitting ratio one can verify the correct operation prin-
ciple of the detuned DCs by sending their output directly into another well-
known (non-detuned) standard DC. In this vein for ∆β = 0 the complete setting
becomes a balanced Mach-Zehnder interferometer, such that all light emerges
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5.1 On-chip generation of path-entangled states with tailored symmetry

Table 5.1.: Detuned directional coupler. The straight section of channel 1 is detuned via
its inscription velocity (all other parts including complete channel 2 were inscribed with
60.0 mm/min). Accordingly, to obtain a balanced splitting ratio the lengths have to be adjusted.

detuning ∆β inscription velocity length of straight section
0 60.0 mm/min 17.2 mm
κ 61.5 mm/min 17.8 mm

2κ 63.0 mm/min 24.3 mm
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Figure 5.2.: Balanced splitting ratio of detuned directional couplers. Single photons were in-
jected into detuned DCs with tailored detunings ∆β and their output statistics were recorded
revealing an uniform distribution.

from one channel at the end of the second DC. In contrast, the output state of
the detuned DC with maximum detuning is not altered by the second standard
DC and thus, photons should leave the verification device with equal proba-
bility in both outputs. For the case of intermediate detuning of ∆β = κ one
can expect a 1:3 probability distribution after the second DC. This verification
scheme was implemented by writing another non-detuned DC directly behind
the detuned ones (see Fig. 5.3(a)). Again, single photons were launched into one
channel and the output statistics was recorded. The results shown in Fig. 5.3(a)
demonstrate a very good agreement with the theoretical predictions proving
the correct operation of the detuned DCs.

Now, turning from the single-photon scenario towards the case where a sepa-
rable two-photon state impinges on a detuned DC. Based on Eq. 5.2 such states
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Figure 5.3.: Verification of detuned directional couplers. A standard non-detuned DC serves
as a verification device directly connected to the detuned DCs. (a) Single-photon input into the
detuned DCs yields the theoretically predicted outcome statistics after the verification stage. (b)
Two photons launched into the detuned DCs giving certain coincidence rates after the verifica-
tion DC. Hence, they confirm the successful generation of path-entangled states with various
mode-exchange symmetry by the detuned DCs. Figure reproduced from [108].

will be transformed to path-entangled states of the form

â†
1 â†

2 |0〉
detuned DC−→ 1

2

[(
â†

1

)2
+ eiθ

(
â†

2

)2
]
|0〉 =: |ψ(θ)〉 . (5.5)

Here the phase θ = π − 2 arctan
√
(2κ/∆β)2 − 1 defines the mode-exchange

phase of the obtained state. Naturally, zero detuning causes a vanishing phase
as already known for the standard DC, which yields a path-entangled state with
even parity. Opposed to this, maximum detuning leads to the anti-symmetric
path-entangled state with θ = π, whereas θ = π/3 follows from ∆β = κ. In-
triguingly, depending on their parity – even, odd, or intermediate – these path-
entangled two-photon states can mimic the QW behavior of fermions (anti-
bunching), bosons (bunching), or anyons (mixed), respectively [31, 109]. All
three particle types differ in their particle exchange statistics â†

m â†
n = eiφ â†

n â†
m

(m 6= n): While fermions and bosons are characterized by odd (φ = π), re-
spectively, even (φ = 0) particle exchange statistics anyons exhibit a mixed
one (0 < φ < π) [110, 111]. Since anyons are quasi-particles that only exist
in even-dimensional spaces it is hard to study them. Therefore detuned DCs
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5.1 On-chip generation of path-entangled states with tailored symmetry

may be an elegant expedient, in particular for the investigation of anyonic QWs
by providing two-photon states capable of the same QW characteristics. Note,
all detunings 0 < ∆β < 2κ lead to an intermediate parity.

In accordance with the single-photon scenario one can additionally check the
correct performance in the two-photon regime when a second non-detuned DC
is added. Measuring the coincidences determines the phase shift of the entan-
gled states. Along these lines the symmetric output state from the non-detuned
DC will be transformed back into the separable two-photon state by the verifi-
cation DC such that maximum coincidences are expected. On the contrary the
DC with maximum detuning provides the state |ψ(π)〉, which is not changed
by the verification device leading to vanishing coincidences, or more realisti-
cally a minimum rate. Finally, for the state |ψ(π/3)〉, when ∆β = κ, the expected
coincidence rate is 3/4 of the one from the non-detuned case. This was ex-
perimentally tested by sending two indistinguishable photons into the same
waveguide structures as used in the single-photon verification approach. The
measured coincidence rates can be found in Fig. 5.3(b)). To account for different
input and output coupling efficiencies for each of the three structures the joint
clicks are weighted by the single-photon count rates. The results clearly reveal
a maximum rate for vanishing detuning and 0.80± 0.01 of that for the mixed
case with ∆β = κ. For maximum detuning the coincidence rate does not van-
ish completely, but drops to a minimum. The deviations of the two latter cases
from an ideal scenario are caused by the non-perfect indistinguishability (par-
tial distinguishability) of the single photons provided by the SPDC source. In
particular, the deviation from zero of the coincidences when ∆β = 2κ directly
corresponds to the difference of the HOM-dip visibility from one, which was
approximately 80% at the non-detuned DC in this setting.

In this way, an innovative scheme for the on-chip generation of two-photon
path-entangled states with different mode-exchange symmetry was introduced
theoretically as well as experimentally. Moreover, detuned DCs may become
a useful tool as Hadamard gate for path-entangled photonic qubits as well as
state provider for studies on fermionic, bosonic, and anyonic QWs.
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5.2. Two-photon N00N states in a photonic Bloch
oscillator lattices

In the solid state system considered by Felix Bloch electrons are supposed to
exhibit BOs under the influence of an external constant electric field leading
to a linearly tilted potential. Consequently, in the photonic regime, BOs occur
when light fields traverse a waveguide lattices with a linear potential gradient,
that is, a ramp in the propagation constant distribution as depicted in Fig. 5.4(a)
& (b). Hence, the Heisenberg equation of motion becomes (see Eq. 2.10):

−i
d â†

q

dz
= qB â†

q(z) + κ
(

â†
q−1 + â†

q+1

)
. (5.6)

Here, κ denotes the nearest-neighbor coupling strength and B is the propaga-
tion constant difference between adjacent modes. Accordingly, the propagation
length for a revival is given by the Bloch period λB = 2π/B [104]. The poten-
tial ramp can be realized by inscribing the waveguides with different power or
velocity. However, to observe BOs over a large number of sites the propaga-
tion constants cannot be tuned sufficiently strong without changing the inter-
waveguide coupling κ. Therefore, it is more convenient to adopt the work by
Lenz et al. where it is derived that bending the whole waveguide array yields
an effective potential ramp (see Fig. 5.5) [112]. In doing so, the ramping pa-
rameter B is determined by the bending radius R as B = 2πneffd/λR for a
given wavelength λ, a fixed waveguide spacing d, and the refractive index neff

of the glass the guides are inscribed into. Along these lines, the bending radius
controls the potential tilt, which itself defines the Bloch period. This way it is
possible to observe BOs at different fractions of λB while keeping the physical
length of the arrays constant. Although this affects the Bloch amplitude as well,
resulting in a wave function broadening nearly equal for all propagation points
of interest, it does not change the dynamics of any two-photon correlation func-
tion regarding its rate of propagation or bunching and anti-bunching behavior.
In this manner several differently curved waveguide arrays where fabricated
allowing investigations at (0.1 . . . 1)λB while having identical physical lengths
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5.2 Two-photon N00N states in a photonic Bloch oscillator lattices

In his pioneering work1, Felix Bloch predicted the existence of
periodic spatial oscillations of electrons traversing crystalline
structures driven by linear external forces. At that time,

understanding the concept of Bloch oscillations (BOs)
contributed to the establishment of the electronic band
structure theory in solids, which later on impacted wide areas
of physics. In fact, BOs are a universal wave phenomenon and
have since been formally investigated using diverse physical
platforms2–4. Thus, while the observation of BOs is still elusive in
its original conceived setting, a formal analogy between the
propagation of classical beams and the evolution of point-like
quantum particles can be appreciated. It has led to experimental
realizations of photonic BOs in arrays of evanescently coupled
waveguides5–7.

The aim of our work is to investigate BOs of two-particle N00N
states and their correlations, on the basis of the theoretical work
by Bromberg et al8. Our approach is based on integrated photonic
circuits, a propitious platform to study fundamental quantum
phenomena such as random walks9–11 as well as possible building
blocks for quantum photonic chips12,13. The monolithic nature of
such integrated devices gives access to full interferometric control
over the field dynamics. As such, they are ideal candidates for the
realization of quantum simulators14–17 capable to explore
physical processes beyond the classical limits. Moreover, using
photons makes it feasible to define N00N states on the spatial
degree of freedom; since therein no particle–particle interaction
can hinder the observation of interference effects.
In this article, we demonstrate that, as a result of spatial

entanglement and quantum coherence, the amplitude interfer-
ence occurring during the BOs of two-particle N00N states
strongly influences the symmetry property of the propagating
wave function18–20, giving rise to a bunching/antibunching cycle.
Furthermore, we provide experimental evidence that the
symmetry imposed on the initial state results in a spatial
longitudinal shift of this cycle. In the context of quantum
simulators21–23, this suggests a possibility for tailoring the
bunching/antibunching behaviour of two-particle states, with
spatial correlations observed along the cycle that are successively
allusive to those exhibited by bosonic, anyonic and fermionic
wave functions24.

Results
Theory of nonlocal Bloch oscillations. To study the quantum
dynamics of a tight-binding BO lattice7,18, we consider the
Heisenberg equations of motion for field operators ayk in the kth
site

!i
dayk
dz

¼ kBayk þC aykþ 1 þ ayk! 1

! "
; ð1Þ

where z is the spatial coordinate mapping the time variable, C is
the intermode coupling coefficient and B denotes the difference in
the propagation constants of adjacent modes (Fig. 1a). The Bloch
period lB¼ 2p/B is defined as the distance after which a revival of
the state is expected. Integration of equation (1) yields the
evolution of the creation operators aykðzÞ ¼

P
m Uk;mðzÞaymð0Þ

with Uk;m ¼ ½expðizHÞ'k;m representing the evolution matrix, and
H the coupling coefficient matrix.
In our work, we consider two-photon N00N states as the input

of the BO lattice (Fig. 1b). Generally speaking, N00N states are
maximally path-entangled multi-photon states describing an
equal coherent superposition of all N particles being in one of
two modes. Quantum features in this system have been
theoretically addressed before our work and, most importantly,
the spatial correlation function between multiple photons
prepared in a N00N state was derived8. In the case of a

two-photon N00N state coupled with adjacent lattice sites, the
photon density !nkðzÞ ¼ haykaki shows a substantial broadening of
the wave function up to half the Bloch cycle, further followed by a
relocalization over lB (Fig. 1c, left inset). On the other hand, two-
particle intensity correlations18, Gk;lðzÞ ¼ hayka

y
l alaki, reveal that

the presence of the ramping potential forces the photons to
separate and gather cyclically with only half the Bloch period
(Fig. 1c, right inset). In other words, bunching to antibunching
transitions, and vice versa, is expected to occur at particular
distances, which we will refer to as correlation turning points
throughout our manuscript. In the general case of N-photon
N00N states, the bunching to antibunching oscillation period was
shown to be inversely proportional to N and to the initial
separation between input modes8.

We have implemented Bloch arrays of 16 single-mode optical
waveguides in glass (Fig. 2b) using the femtosecond laser-writing
approach25. All the waveguides have identical propagation
constants b0 and are separated by 30 mm such that the coupling
coefficients are equal. Here the effective linear ramping potential
required to induce BOs is synthetically obtained by bending the
waveguides26 (see the Methods section).

Two-photon N00N states on a discrete photonic lattice are
defined as

CN00Nj i ¼ 1ffiffiffi
2

p 2m; 0nj iþ eif 0m; 2nj i
$ %

; ð2Þ

where the indices refer to the lattice sites and f is a relative phase.
The quantum correlations in this nonlocal state are such that the
two photons always couple into the same excited lattice site,
either m or n, with an equal probability of 1/2. For our
experiments, we consider three different two-photon N00N input
states in adjacent modes, namely, with symmetric (f¼ 0),
antisymmetric (f¼p) and partially symmetric wave function
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Figure 1 | Quantum Bloch oscillator. (a) Bloch oscillations of a single
particle when subject to a periodic potential V(x) with an external constant
force acting on it, resulting in state entanglement (displayed as different
colours). The coupling coefficient is denoted as C. (b) Bloch oscillations of

the state CSj i ¼ 2m;0nj iþ 0m; 2nj i½ '
& ffiffiffi

2
p

input in adjacent modes, implying

probability interference that may either be constructive or destructive.
(c) Response of a Bloch oscillator initially excited with the CSj i state. The
photon density !nk shows a perfect revival over one Bloch period lB (left
inset). The corresponding correlation dynamics are schematically presented
in the right inset. It conceptualizes the bunching to antibunching transitions
governing the state all over the cycle.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms9273

2 NATURE COMMUNICATIONS | 6:8273 | DOI: 10.1038/ncomms9273 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.

Ÿ
Ÿ

(a)

In his pioneering work1, Felix Bloch predicted the existence of
periodic spatial oscillations of electrons traversing crystalline
structures driven by linear external forces. At that time,

understanding the concept of Bloch oscillations (BOs)
contributed to the establishment of the electronic band
structure theory in solids, which later on impacted wide areas
of physics. In fact, BOs are a universal wave phenomenon and
have since been formally investigated using diverse physical
platforms2–4. Thus, while the observation of BOs is still elusive in
its original conceived setting, a formal analogy between the
propagation of classical beams and the evolution of point-like
quantum particles can be appreciated. It has led to experimental
realizations of photonic BOs in arrays of evanescently coupled
waveguides5–7.

The aim of our work is to investigate BOs of two-particle N00N
states and their correlations, on the basis of the theoretical work
by Bromberg et al8. Our approach is based on integrated photonic
circuits, a propitious platform to study fundamental quantum
phenomena such as random walks9–11 as well as possible building
blocks for quantum photonic chips12,13. The monolithic nature of
such integrated devices gives access to full interferometric control
over the field dynamics. As such, they are ideal candidates for the
realization of quantum simulators14–17 capable to explore
physical processes beyond the classical limits. Moreover, using
photons makes it feasible to define N00N states on the spatial
degree of freedom; since therein no particle–particle interaction
can hinder the observation of interference effects.
In this article, we demonstrate that, as a result of spatial

entanglement and quantum coherence, the amplitude interfer-
ence occurring during the BOs of two-particle N00N states
strongly influences the symmetry property of the propagating
wave function18–20, giving rise to a bunching/antibunching cycle.
Furthermore, we provide experimental evidence that the
symmetry imposed on the initial state results in a spatial
longitudinal shift of this cycle. In the context of quantum
simulators21–23, this suggests a possibility for tailoring the
bunching/antibunching behaviour of two-particle states, with
spatial correlations observed along the cycle that are successively
allusive to those exhibited by bosonic, anyonic and fermionic
wave functions24.

Results
Theory of nonlocal Bloch oscillations. To study the quantum
dynamics of a tight-binding BO lattice7,18, we consider the
Heisenberg equations of motion for field operators ayk in the kth
site
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where z is the spatial coordinate mapping the time variable, C is
the intermode coupling coefficient and B denotes the difference in
the propagation constants of adjacent modes (Fig. 1a). The Bloch
period lB¼ 2p/B is defined as the distance after which a revival of
the state is expected. Integration of equation (1) yields the
evolution of the creation operators aykðzÞ ¼

P
m Uk;mðzÞaymð0Þ

with Uk;m ¼ ½expðizHÞ'k;m representing the evolution matrix, and
H the coupling coefficient matrix.
In our work, we consider two-photon N00N states as the input

of the BO lattice (Fig. 1b). Generally speaking, N00N states are
maximally path-entangled multi-photon states describing an
equal coherent superposition of all N particles being in one of
two modes. Quantum features in this system have been
theoretically addressed before our work and, most importantly,
the spatial correlation function between multiple photons
prepared in a N00N state was derived8. In the case of a

two-photon N00N state coupled with adjacent lattice sites, the
photon density !nkðzÞ ¼ haykaki shows a substantial broadening of
the wave function up to half the Bloch cycle, further followed by a
relocalization over lB (Fig. 1c, left inset). On the other hand, two-
particle intensity correlations18, Gk;lðzÞ ¼ hayka

y
l alaki, reveal that

the presence of the ramping potential forces the photons to
separate and gather cyclically with only half the Bloch period
(Fig. 1c, right inset). In other words, bunching to antibunching
transitions, and vice versa, is expected to occur at particular
distances, which we will refer to as correlation turning points
throughout our manuscript. In the general case of N-photon
N00N states, the bunching to antibunching oscillation period was
shown to be inversely proportional to N and to the initial
separation between input modes8.

We have implemented Bloch arrays of 16 single-mode optical
waveguides in glass (Fig. 2b) using the femtosecond laser-writing
approach25. All the waveguides have identical propagation
constants b0 and are separated by 30 mm such that the coupling
coefficients are equal. Here the effective linear ramping potential
required to induce BOs is synthetically obtained by bending the
waveguides26 (see the Methods section).

Two-photon N00N states on a discrete photonic lattice are
defined as

CN00Nj i ¼ 1ffiffiffi
2

p 2m; 0nj iþ eif 0m; 2nj i
$ %

; ð2Þ

where the indices refer to the lattice sites and f is a relative phase.
The quantum correlations in this nonlocal state are such that the
two photons always couple into the same excited lattice site,
either m or n, with an equal probability of 1/2. For our
experiments, we consider three different two-photon N00N input
states in adjacent modes, namely, with symmetric (f¼ 0),
antisymmetric (f¼p) and partially symmetric wave function
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input in adjacent modes, implying

probability interference that may either be constructive or destructive.
(c) Response of a Bloch oscillator initially excited with the CSj i state. The
photon density !nk shows a perfect revival over one Bloch period lB (left
inset). The corresponding correlation dynamics are schematically presented
in the right inset. It conceptualizes the bunching to antibunching transitions
governing the state all over the cycle.
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waveguides5–7.
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wave functions24.
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dayk
dz

¼ kBayk þC aykþ 1 þ ayk! 1

! "
; ð1Þ

where z is the spatial coordinate mapping the time variable, C is
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with Uk;m ¼ ½expðizHÞ'k;m representing the evolution matrix, and
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distances, which we will refer to as correlation turning points
throughout our manuscript. In the general case of N-photon
N00N states, the bunching to antibunching oscillation period was
shown to be inversely proportional to N and to the initial
separation between input modes8.

We have implemented Bloch arrays of 16 single-mode optical
waveguides in glass (Fig. 2b) using the femtosecond laser-writing
approach25. All the waveguides have identical propagation
constants b0 and are separated by 30 mm such that the coupling
coefficients are equal. Here the effective linear ramping potential
required to induce BOs is synthetically obtained by bending the
waveguides26 (see the Methods section).
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defined as
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where the indices refer to the lattice sites and f is a relative phase.
The quantum correlations in this nonlocal state are such that the
two photons always couple into the same excited lattice site,
either m or n, with an equal probability of 1/2. For our
experiments, we consider three different two-photon N00N input
states in adjacent modes, namely, with symmetric (f¼ 0),
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Figure 5.4.: Quantum Bloch oscillation. (a) Single-particle BO in a periodic lattice with external
constant force. Due to coherent hopping to both sites path-entangled states occur. (b) BO of
the entangled state |ψ(π)〉 = 1

2
[
( â†

m)
2 − ( â†

n)
2] |0〉 implying that both particles start in either

of the adjacent excitation sites. (c) On the left side the evolution of the photon density for
the symmetric state |ψ(0)〉 shows the revival after one Bloch period. The right part depicts the
correlation dynamics with transitions from bunching to anti-bunching during one Bloch period.
Figure reproduced from [113].

of 6 cm.

A sketch of the complete setting for one lattice implementation is shown in
Fig. 5.5. At the beginning a detuned DC provides the corresponding path-
entangled input states |ψ(θ)〉 = 1

2

[
( â†

0)
2 + eiθ( â†

1)
2] |0〉 where θ determines the

symmetry with respect to mode-exchange. In this work the focus is on sym-
metric (θ = 0) and anti-symmetric (θ = π) input states, which directly enter
the curved Bloch oscillator lattice consisting of 16 waveguides. At the end a
complex 3D fan-out segment ensures the interfacing with a fiber array attached
to the chip and routing the emerging photons to detectors. As in Sec. 3.1 the
intricate fan-out geometry originates from minimizing any further interaction
between the waveguide modes in this section. In this vein the photon density
and the two-photon correlation function at the end of the Bloch oscillator lattice
can be obtained. The periodic spreading and in particular the re-localization
after one Bloch cycle can be clearly seen by the photon density nq(z) at different
fractions of the Bloch period in Fig. 5.6. Naturally, both input states yield the
same dynamics, which coincides with the numerical simulations. The photon
densities were extracted as the row sums of the correlation measurements as
nq = ∑r Γq,r. The obtained revival probabilities at λB were 0.92± 0.02 for |ψ(0)〉
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Figure 5.5.: Experimental implementation of Bloch oscillations of two-photon N00N states. The
centerpiece is the curved Bloch oscillator lattice consisting of 16 evanescently coupled curved
waveguides. It is connected to a detuned directional coupler for state preparation at its begin-
ning and a fan-out section at its end. Figure reproduced from [113].

and 0.94± 0.01 for |ψ(π)〉 demonstrating the capability of waveguide Bloch lat-
tices to preserve coherence over an entire Bloch cycle.

As discussed in the theoretical work of Bromberg et al. the ramping poten-
tial is supposed to cause the photons to oscillate between bunched and anti-
bunched states despite the fact that they are spatially separated during a Bloch
cycle [106]. Hence, correlation turning points at particular propagation dis-
tances are predicted. The oscillations manifest themselves as a cyclic behavior
of the two-photon correlation function and their period inversely scales with the
number of photons N of the regarding N00N state. In order to obtain the first ex-
perimental results on this topic indistinguishable photon pairs were launched
into the waveguide structures shown in Fig. 5.5 and their output correlations
were measured. The structures differ in their effective propagation length as
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well as in the input state preparation. The measurements were recorded over 15
min and have been corrected for slightly different detection efficiencies. Fig. 5.7
presents the experimental results for the symmetric two-photon N00N state
|ψ(0)〉 = 1

2

[
( â†

0)
2 + ( â†

1)
2] |0〉 at various effective propagation lengths cover-

ing half a Bloch cycle. At a first glance, the correlation matrices unambiguously
feature the predicted correlation cycle, thus, confirming theory. One can clearly
notice the enhancement and reduction of certain quantum states during the BO.
Taking a close look to the correlation evolution one notices that even though
the input |ψ(0)〉 is a highly-bunched state – both photons enter together either
port "0" or "1"– they are suddenly split up and exhibit a distinct anti-bunching
pattern at 0.1λB. During further effective propagation this changes continu-
ously crossing a correlation turning point between 0.2λB and 0.3λB. Finally, at
0.5λB the photons are found most likely together (bunched), although the wave
packet is spread over the entire lattice. Evidently, further effective propagation
will reverse the dynamics and the two photons will inhabit their initial configu-
ration at the full Bloch period 1λB. The numerical simulations were performed
as a best-fit scenario with κ = 0.48 cm−1 and θ = (0.1± 0.1)π. Due to minor
fabrication tolerances during the waveguide inscription the desired zero phase
shift is slightly increased, yet very close to the ideal case. For getting a deeper
insight into the correlation patterns, one can extract the inter-particle distance
distribution describing the probability to find both photons within the distance
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∆ of each other:

g(∆) =
1
N ∑

q
Γq,q+∆ . (5.7)

Here, N are the number of matrix elements Γq,q+∆ satisfying q + |∆| ≤ 16. As
Fig. 5.7 reveals g(∆) undergoes a transition from a double peak shape towards a
distinct single peak form for growing effective propagation lengths. While the
former one represents the situation to find the two photons maximally apart
from another (anti-bunching) the latter one occurs when both photons are (very
close) together (bunching). Thus, the inter-particle distance illustrates and also
confirms the correlation cycle.

Turning now to the anti-symmetric input state |ψ(π)〉 = 1
2

[
( â†

0)
2 − ( â†

1)
2] |0〉

whose results are shown in Fig. 5.8. In contrast to the former case the corre-
lation function starts with a bunching pattern. It also passes a turning point
ending up with anti-bunching at 0.5λB. This behavior is also signalized by
the inter-particle distance, whose evolution appears to be opposed as for the
symmetric state. It starts with bunching and ends up with anti-bunching in-
dicated by the single and double peak pattern, respectively. Simulations with
κ = 0.44 cm−1 and θ = (1.0± 0.1)π gave the best-fit results highlighting the
excellent state preparation via detuned DCs. It is worth to mention again, that
bunching and anti-bunching are typical QW behaviors of separable states of
two non-interacting bosons and fermions, respectively in a homogeneous lat-
tice. Correspondingly, anyons will yield a mixed correlation pattern as found
in the proximity of the turning points. In this way, it is possible to mimic QW
statistics of bosons, fermions, and anyons by photons in a Bloch oscillator lattice
with tailored propagation length.

For both, the symmetric and anti-symmetric input state one can quantify the
conformity of the measured data Γ(exp)

q,r with the theoretical predictions Γ(theory)
q,r
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by the so-called similarity [36]

S =

(
∑
q,r

√
Γ(exp)

q,r Γ(theory)
q,r

)2

∑
q,r

Γ(exp)
q,r ∑

q,r
Γ(theory)

q,r
. (5.8)

The obtained values for both input states for the realized propagation lengths
can be found in Tab. 5.2. They clearly show a very good agreement between
theory and experiments.

Table 5.2.: Similarities for the two input state configurations and different propagation dis-
tances. Table reproduced from [113].

propagation length 0.1λB 0.2λB 0.3λB 0.4λB 0.5λB
symmetric state 0.950(4) 0.928(5) 0.924(2) 0.914(1) 0.907(1)
anti-symmetric state 0.931(3) 0.952(2) 0.939(6) 0.936(8) 0.833(2)

Additionally, one can have a look on the non-classicality of the two-photon cor-
relations by calculating the violations of their Bell-like inequality (see Sec. 2.3).
Fig. 5.9(top row) images two exemplary violation matrices Vq,r for the symmet-
ric and anti-symmetric input state after and before the correlation turning point
at 0.4λB and 0.1λB, respectively. Both show distinct violations of up to 23σq,r

(standard deviations based on photon counting statistics), and thus, proving
the genuine quantum nature of the correlations. Moreover, to unambiguously
demonstrate that the origin of the quantum correlations lies in the indistin-
guishability of the photons, distinguishable photon pairs (obtained by temporal
delay) were sent into the samples. Exemplarily, the measured correlation matri-
ces for θ = (0.1± 0.1)π at 0.4λB and θ = (1.0± 0.1)π at 0.1λB are presented in
Fig. 5.9(middle row). They clearly differ from the results with indistinguishable
photon pairs in Figs. 5.7 & 5.8. As distinguishable photons remain separable
during the evolution they have a similar probability to separate or gather lead-
ing to the four peaks in the correlation maps. Correspondingly, they show no
violations of the Bell-like inequality.
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Finally, to complete the view on how the correlations depend on the mode-
exchange symmetry of the state in a Bloch oscillator lattice, the case of a par-
tially symmetric input state is considered. The state |ψ(θ)〉 was again provided
by a detuned DC with a best-fit phase of θ = (0.8± 0.1)π. The experiments
were carried out at 0.3λB and the two-photon correlation map can be found in
Fig. 5.9(bottom row). For better comparison of the impact of the symmetry it is
presented along with the results from the symmetric and anti-symmetric input
state at the corresponding evolution length. One can see the distinct change
from bunching (θ = (0.1± 0.1)π) to anti-bunching (θ = (1.0± 0.1)π) passing
the case with concurrence of both (θ = (0.8± 0.1)π). Hence, it reveals the good
control over the symmetry of the wavefunction, which causes an offset in the
correlation cycle.

Summarized, in this chapter BOs of two-photon N00N states were investigated
experimentally for the first time. Besides the re-localization after one Bloch cycle
special attention was spent on the two-photon correlations that exhibit pure
quantum features. The linear potential causes position depended phase shifts
resulting in a correlation cycle. Here, the offset of the cycle is determined by the
mode-exchange symmetry of the input state that is provided by detuned DCs.
It turns out that BOs are capable of tailoring quantum correlations akin to those
of bosons, fermions, and anyons, which may find application in topological
quantum computing [114]. The results presented in this chapter can be also
found in compressed form in [108] and [113].
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5.2 Two-photon N00N states in a photonic Bloch oscillator lattices
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Figure 5.9.: Additional measurement data on N00N state Bloch oscillations. Violations Vq,r are
taken at 0.4λB for the symmetric input state and at 0.1λB for the anti-symmetric input state (top
row). Both are compared with numerical simulations. For better illustration, negative values
obeying the Bell-like inequality are set to zero. For comparison, correlation maps are recorded
for distinguishable photon pairs at the same structures the violations are presented (middle
row). Correlation maps for symmetric, partially symmetric and anti-symmetric input state at
0.3λB (bottom row) . One can clearly see the dependency of the correlation patterns on the mode
exchange symmetry of the input state. Figure reproduced from [113].
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CHAPTER 6

Conclusion & Outlook

Quantum walks feature, just as their classical counterparts, a variety of utiliza-
tions in both, understanding complex phenomena in nature and developing
new trends in modern (quantum) technology. As such, single photons propa-
gating through waveguide networks, monolithically embedded in a glass chip,
are an excellent experimental platform to study QWs and, in doing so, gain a
deeper understanding of related physical processes and develop new applica-
tions, especially in the field of quantum information processing.

The aim of this thesis was to extend the capabilities of fabrication technologies,
implementation schemes, and applications for integrated-photonic QWs in the
single- and two-photon regime. Along these lines, complex QWs under the
influence of external forces were realized, multiple optical chips could be effi-
ciently linked to extend their range, and advances in photon counting allowed
for the characterization of the resulting quantum states of light.

Crucial to these efforts was the direct laser writing technique, since it allows
the precise fabrication of tailored waveguide lattices and complex networks of
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meticulously tuned directional couplers. In harnessing these unique capabil-
ities, single-photon W-states spanning up to 16 entangled channels could be
synthesized, distinctly exceeding the system size of such states realized on any
competing platform. As evinced in Chapter 3, extended QWs were also instru-
mental in experimentally confirming this multipartite entanglement in a novel
optical verification circuit. As possible application, the intrinsic quantum paral-
lelism of W-states was shown to give rise to the generation of genuine random
numbers without the need of any post-processing.

To fully describe the properties of a light field on the quantum level, detailed
knowledge of its photon number distribution is indispensable. In this regard,
photon number resolving detectors have been a subject of considerable atten-
tion. However, they have some intrinsic limits regarding dead time, high pho-
ton numbers and most importantly, they require enormous additional effort
due to their need for cryogenic environments. Consequently non-number re-
solving on-off single-photon detectors are still widely used. Chapter 4 reveals
and demonstrates a very different approach to solve this problem. To this end
on-off detectors are employed in connection with a QW multiplexing device to,
nonetheless, reliably infer whether a given state of light is of classical or quan-
tum nature.

As last topic, quantum correlations of path-entangled N00N states undergoing
Bloch oscillations, are the subject of Chapter 5. For this purpose, Bloch oscilla-
tor lattices with their characteristic linear potential have been implemented by
curved waveguide arrays, which, compared to a physical gradient of the refrac-
tive index, offers the advantage of maintaining a strictly homogeneous coupling
strength across the lattice. Particular attention is paid to the generation of entan-
gled two-photon input states exhibiting different mode-exchange symmetry. As
presented, they can be synthesized by detuned directional couplers where the
detuning strength determines the exchange phase of the state. The two-photon
correlation dynamics appears to be strongly dependent on the symmetry of the
initial state. Generally the correlations undergo a cyclic transition within half
a Bloch cycle from bunching to anti-bunching or vice versa, depending on the
input state and hence, confirming theoretical predictions.
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The obtained results in this thesis shed light upon certain aspects of photonic
QWs. They clearly demonstrate that QWs of single photons and photon pairs in
waveguide structures bear an enormous potential for applications in the fields
of quantum computation and simulation. Progress in both research areas can
be taken from the demonstration of chip-based multipartite entanglement ver-
ification, the coherent splitting of single photons with highest accuracy over
multiple modes, and the introduction of assessing clicks for light state estima-
tion. Moreover, QWs of two-photon N00N states in tailored Bloch oscillator lat-
tices feature correlation patterns akin to two (non-interacting) bosons, fermions,
or anyons evolving in standard homogeneous lattices. Therefore, they may be
the tool of choice to get hands on anyonic QW dynamics leading to a deeper
understanding of such exotic particles with fractional spin.

It should be emphasized that topics raised in this thesis offer a multitude on fur-
ther research projects. While a select few have already been mentioned above as
direct applications and implications of the results from this thesis, a number of
further ones can be identified. So far, research was mainly limited to Hermitian
systems, which by definition exhibit real eigenvalue spectra in their associated
Hamiltonians. However, non-Hermitian systems offer a rich QW dynamics as
well. In addition, in 1998 Bender and Boettcher revealed that Hamiltonians,
which commute with the parity-time operator, can indeed exhibit completely
real eigenvalues [115]. This observation was the starting point for the contin-
uously growing field of PT-symmetry. The concept was carried over into the
optical domain by introducing alternating gain-loss distributions [116–118]. As
it was shown, such system dynamics does not change under a global loss trans-
formation to lattices with alternating loss and no-loss sites, albeit they are not
strictly PT-symmetric any more [119]. This is why they are often referred to as
quasi-PT-symmetric. The question naturally arises as to how photon pairs will
undergo QWs in such non-Hermitian lattices. A first attempt to answer this
question was done by a theoretical investigation in [48]. There, a mathematical
framework to efficiently calculate the propagation of two-photon correlations
in waveguide lattices with arbitrary loss profile is given. It is applied to numer-
ically determine the dynamics of various two-photon input states in quasi-PT-
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symmetric arrays. Intriguing correlation patterns arise, which are very differ-
ent from the Hermitian case. Of course, an experimental investigation would
help to better understand these systems and may lead to a new field of non-
Hermitian QWs with novel features and applications, especially in light of the
fact that nature is usually not Hermitian. Yet, practical limits will be set due to
losses, which will drastically lower any output photon count rates. A possible
implementation of highly controllable losses in waveguides is presented in [120]
by sinusoidal undulation of the guides along the propagation direction.

To overcome certain limits in photon detection caused by losses during the
propagation in waveguides, several technical improvements suggest
themselves. Waveguides in different glass types can be explored to minimize
propagation losses. Further, as mentioned in Sec. 2.4, modifying the inscrip-
tion process can lead to better mode matching with standard optical fibers and
hence, reduce interfacing losses. A very effective alternative will be the applica-
tion of a brighter source. Down-conversion sources arranged in a Sagnac setting
with a periodically poled potassium titanyl phosphate crystal deliver collinear
polarization-entangled photon pairs at very high rate [121–123]. Additionally,
multi-photon events are considerably likely in the pulsed pump regime [124],
drastically enlarging the Hilbert space of any associated QW.

The complexity of QWs can also be increased by extending them to higher di-
mensions. In the realm of waveguide lattices one spatial dimension is dedicated
to the longitudinal evolution axis, leaving only two spatial transverse dimen-
sions for QWs. Hence, another degree of freedom needs to be exploited and
can be found in polarization [125]. Due to their inherent birefringence, laser-
written waveguides exhibit distinct propagation constants for horizontally and
vertically polarized light, respectively. This difference in the propagation con-
stants is in the same order of magnitude as the hopping rates between adja-
cent guides and can be tuned by the inscription parameters (velocity and pulse
power). Consequently, diagonally polarized light (representing a balanced su-
perposition of horizontal and vertical polarization) will be transformed to anti-
diagonally polarized light (π phase difference between horizontal and vertical
polarization) after a characteristic propagation length. Doubling the length con-
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verts the light back to its input configuration and so forth. By implication this
introduces an additional dimension with two sites. In this vein, photonic QWs
on various three-dimensional structures like on a cube or bi-layer graphene are
possible and promise exceptional features [126]. The accompanied experimen-
tal efforts will grow strongly, since half-wave plates and polarizers or polariza-
tion dependent beam displacer have to be included – ideally on-chip. In spite of
that, a manifold of new lattices can be implemented raising integrated photonic
QWs to a whole new level.

Finally, it will be interesting to explore the rich physics that arise at the inter-
section of quantum optics and topology. Topological physics deals with geo-
metrical properties of any mathematical space associated to a physical system.
That properties are invariant to continuous deformations. For some time this
field has attracted the attention of many research groups and prominent exam-
ples are the quantum hall effect [127] or topological insulators [128]. The latter
one has also been realized in photonic waveguide structures [129]. There, edge
states of photonic graphene have been demonstrated to be topologically im-
mune to scattering at defects. Several questions arise: How does this work in
the single-photon regime? Can entanglement be topologically protected? And
what happens to an entangled photon pair, which is either prepared in the pro-
tected edge state or sent into the bulk? Recently, first attempts to address these
issues have been made by [130] and [131].

In conclusion, this thesis yields new perspectives in the topic of photonic QWs.
Novel application were introduced and sophisticated reliably-operating quan-
tum networks are brought a step closer. The results pave the way for robust,
scalable, and efficient on-chip quantum simulators that hopefully unravel some
of nature’s mysteries like fundamental biochemical transport processes.
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APPENDIX A

Coherent states

This chapter briefly recaps the important points on the topic of coherent states
with respect to understand its statistical properties that play an important role
in Chapter 4. A complete and in-depth description can be found in [42] or
[43].

While the number state (Fock state) is the eigenstate of the photon number op-
erator (n̂ |n〉 = â† â |n〉 = n |n〉) the eigenstates of the annihilation operator is
called coherent state:

â |α〉 = α |α〉 , (A.1)

with the in general complex eigenvalue α (since â is non-Hermitian). Naturally,
it can be expressed in terms of the number states such that the above eigenvalue
equation becomes

â |α〉 = â
∞

∑
n=0

Cn |n〉 =
∞

∑
n=0

Cn
√

n |n− 1〉 = α
∞

∑
n=0

Cn |n〉 . (A.2)
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Coherent states

From that follows Cn
√

n = αCn−1 or in other notation

Cn =
α√
n

Cn−1 =
α2√

n(n− 1)
Cn−2 = . . . =

αn
√

n!
C0 . (A.3)

Together with the normalization

1 = 〈α|α〉 = |C0|2
∞

∑
n=0

∞

∑
n′=0

α∗
n
αn′

√
n!n′!

〈n|n′〉 = |C0|2
∞

∑
n=0

|α|2n

n!
= |C0|2e|α|

2
, (A.4)

one finds

|α〉 = e−
|α|2

2

∞

∑
n=0

αn
√

n!
|n〉 = e−

|α|2
2 eα â† |0〉 . (A.5)

Interestingly, the complex number α relates to the average number of photons
in a light field prepared in a coherent state as 〈n〉 = 〈α|n̂|α〉 = |α|2. In the same
way, its fluctuation is given by 〈(∆n)2〉 = 〈n2〉 − 〈n〉2 = 〈n〉 = |α|2. Hence, the
probability distribution to find n photons is (see main text below Eq. 4.2)

pn = | 〈n|α〉 |2 = e−|α|
2 |α|2n

n!
= e−〈n〉

〈n〉n

n!
, (A.6)

which clearly is a Poissonian distribution and shown for 〈n〉 = 4 in Fig. 4.1.
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Zusammenfassung

Quantenzufallsbewegungen – sogenannte Quantum Walks (QWs) – sind das
grundlegende Konzept hinter den Forschungsfeldern Quantencomputing und
Quantensimulation. Als solche haben sie ein enormes Anwendungspotential in
der Quanteninformationstechnologie. Auch die Natur bedient sich an QWs als
grundlegenden Mechanismus für zahlreiche Phänomene. So basiert beispiels-
weise der hocheffiziente Energietransport in Lichtsammelkomplexen von Pflan-
zen während der Photosynthese auf QWs. Die vollständige Klärung dieses es-
sentiellen Stoffwechselprozesses aus quantenphysikalischer Sicht ist nach wie
vor ein offenes und stark beforschtes Gebiet.

Zum prinzipiellen Verständnis von QWs kann die quantenmechanische Versi-
on eines Galtonbretts dienen, bei dem das Kügelchen – der Walker – durch ein
Quantenteilchen ersetzt wird. Im Gegensatz zum Kügelchen, welches an jedem
Hindernis entweder nach links oder rechts springt, nimmt ein Quantum Wal-
ker einen Superpositionszustand aus links und rechts ein. Ermöglicht wird dies
durch den Wellen-Teilchen-Dualismus, der eine kohärente Ausbreitung erlaubt
und zu Interferenzeffekten führen kann. Hierbei sind QWs von ununterscheid-
baren oder verschränkten Teilchen ebenso möglich und generieren aufgrund
von Mehrteilcheninterferenz nicht-klassische Mehrteilchenkorrelationen.

Photonen sind aufgrund ihrer guten Kohärenzeigenschaft und Unempfindlich-
keit gegenüber äußeren Einflüssen äußerst gut als Quantum Walker geeignet.
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Kombiniert mit der Stabilität und Robustheit von Wellenleiterstrukturen, wel-
che in einem kleinen monolithischen Glaschip eingebettet sind, steht ein vielsei-
tiges System zur Untersuchung von QWs zur Verfügung. Hierbei können zahl-
reiche QW-Gitter in zwei Dimensionen realisiert werden (die dritte räumliche
Dimension ist die longitudinale Ausbreitungsachse der Wellenleiter).

Das Ziel dieser Arbeit war, das Potential chip-basierter photonischer QWs aus-
zubauen und neue Anwendungsmöglichkeiten zu erschließen. Hierbei wurden
sowohl QWs einzelner als auch verschränkter Photonenpaare in komplexen
Wellenleiternetzwerken untersucht. Mittels direktem Lasereinschreiben wur-
den verschiedene Wellenleiterstrukturen implementiert und ermöglichten da-
mit QWs in Gittern mit externem Feld oder über zwei Chips hinweg, sowie die
Weiterentwicklung der Photonendetektion.

W-Zustände sind vielteilig verschränkte Zustände und bieten äußerst inter-
essante Anwendungsmöglichkeiten im Bereich abhörsicherer Kommunikation
oder Teleportation. Sie sind nicht nur maximal-verschränkt, sondern zeigen
auch eine intrinsische Robustheit gegenüber Verlusten. Kapitel 3 zeigt, wie mit-
tels Netzwerken aus nahezu perfekten direktionalen 50:50 Kopplern als auch
Wellenleitergittern mit maßgeschneiderten Koppelverteilungen experimentell
Einzelphotonen-W-Zustände bis zur Ordnung 16 erzeugt werden können. Das
heißt, ein einzelnes Photon ist kohärent über 16 Wellenleiter verteilt. Die damit
verknüpfte vielteilige Verschränkung wird mit Hilfe eines QWs in einer Veri-
fizierungsstruktur belegt. Die mit Einzelphotonen-W-Zuständen einhergehen-
de Gleichverteilung der Wahrscheinlichkeit, in welchem der beteiligten Kanäle
sich das Photon bei der Messung befindet, konnte zur effizienten Erzeugung
von Zufallszahlen genutzt werden. Ströme von derart erzeugten Zufallszahlen
bestanden ohne jegliche Nachbearbeitung alle Zufälligkeitstests des National In-
stitute of Standards and Technology.

Die Natur eines Lichtfeldes – klassisch oder quantisch – ist eng mit seiner Pho-
tonenzahlstatistik verknüpft. Neuste photonenzahlauflösende Detektoren sind
prinzipiell verfügbar, leiden allerdings an inhärenten Limitierungen in Bezug
auf die Photonenzahl und Totzeit und sind aufgrund ihrer kryogenen Umge-
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bung überaus kostspielig. Daher werden nach wie vor sehr häufig Klickdetek-
toren verwendet, welche nicht photonenzahlauflösend sind. Dementsprechend
ist die Photonenstatistik mit solchen Detektoren nicht direkt zugänglich, son-
dern nur eine Photonenzähl- oder Klickverteilung. In Kapitel 4 wird experimen-
tell dargelegt, wie nach Anwendung eines QW-Multiplexers diese Klickstatis-
tik ausgewertet werden kann, um dennoch die Nicht-Klassizität eines Lichtfel-
des festzustellen. Dies wird an zwei Lichtquellen – klassischem Laserlicht und
Quantenlicht (getriggerte einzelne Photonen aus spontaner parametrischer Dif-
ferenzfrequenzgenerierung) – demonstriert. Es zeigt sich, dass die Art des Lich-
tes selbst bei extrem geringen Photonenflüssen zuverlässig bestimmt werden
kann. Überdies findet dieses Konzept Anwendung in der Charakterisierung
von Photonenquellen, was ebenso erfolgreich getestet wurde.

Kapitel 5 behandelt Blochoszillationen von N00N-Zuständen. Blochoszillati-
onen manifestieren sich als periodische Ausbreitung und Relokalisierung der
Wellenfunktion während eines QWs in einem Gitter mit linearen Potentialgra-
dienten. N00N-Zustände zweier Photonen wurden als pfadverschränkte Aus-
gangszustände eines direktionalen 50:50 Kopplers bereitgestellt (mit je einem
von zwei ununterscheidbaren Photonen in den Eingängen). Mit der Einführung
verstimmter direktionaler 50:50 Koppler kann die Modenaustauschsymmetrie
der Eingangszustände effektiv gesteuert werden. Zwei-Photonen-Korrelationen
nach QWs jener Zustände in Blochoszillatorgittern wurden gemessen und aus-
gewertet. In Übereinstimmung mit theoretischen Vorhersagen konnte ein zy-
klisches Verhalten von Bunching („Bündelung“) zu Anti-Bunching („Zerstreu-
ung“), oder umgekehrt, experimentell nachgewiesen werden. Es zeigt sich ei-
ne direkte Abhängigkeit von der Symmetrie des Eingangszustandes. Auf diese
Weise kann man durch den QW von N00N-Zuständen zweier Photonen nach
einer bestimmten Länge in einem Blochoszillatorgitter Zwei-Photonen-Korre-
lationen ähnlich denen zweier (nicht-interagierenden) separabler Bosonen, Fer-
mionen oder Anyonen in einem homogenen Gitter erhalten. Dies ermöglicht
insbesondere die Untersuchung von Anyonen, welche als virtuelle Teilchen nur
in geradzahligen Dimensionen existieren und somit experimentell nur schwer
zugänglich sind.
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Technische Verbesserungen wie modifizierte Wellenleiter mit Modengrößen,
welche besser an deren optischer Fasern angepasst sind, sowie effizientere Pho-
tonenquellen (z. B. durch Verwendung eines periodisch gepolten Kaliumtita-
nylphosphatkristalls) ermöglichen bessere experimentelle Bedingungen und
mehr Photonen als gleichzeitige Walker. Die Komplexität von QWs lässt sich
nicht nur mit der Anzahl der beteiligten Photonen erhöhen, sondern auch mit
der Anzahl der Dimensionen. Ein interessanter Ansatz wäre hier die Ausnut-
zung der intrinsischen Doppelbrechung direkt lasergeschriebener Wellenleiter,
sodass als zusätzliche Dimension die Polarisation der Photonen genutzt werden
kann, wenn auch nur als Freiheitsgrad mit zwei Werten. Ebenso wäre die Er-
weiterung auf nicht-hermitesche Systeme außerordentlich interessant und ver-
spricht zahlreiche neue Erkenntnisse.

Die in dieser Arbeit erlangten Ergebnisse klären einige Aspekte photonischer
QWs auf. Sie verdeutlichen das enorme Potential von QWs von einzelnen Pho-
tonen und Photonenpaaren in Wellenleiterstrukturen für Anwendungen im Be-
reich des Quantencomputings und der Quantensimulation. Durch den erfolg-
reichen chip-basierten Nachweis vielteiliger Verschränkung, die kohärente Ver-
teilung einzelner Photonen über mehrere Moden mit höchster Genauigkeit und
die Demonstration der Lichtfeldcharakterisierung basierend auf Klickstatistik
können Forschritte in beiden Gebieten erzielt werden. Überdies hinaus erwie-
sen sich photonische Blochoszillatorgitter als mögliches Testsystem zur Erfor-
schung anyonischer QWs, sodass ein tieferes und besseres Verständnis dieser
exotischen Teilchen mit fraktionalem Spin erlangt werden kann.
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