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Abstract

Quantum technologies like quantum computing, quantum communication or quantummetrol-
ogy promise astonishing advantages over their classical counterparts. However, they all re-
quire excellent control and protection of the involved quantum states. In this respect, photons
are ideal carriers of quantum information due to their robustness against decoherence and
the ease with which they can be transferred over long distances. At the same time they
suffer from weak interactions with matter and the large structures necessary, as given by the
wavelength of light. Combining quantum optics with plasmonic structures could open an
avenue to address these drawbacks while still benefiting from the advantages of photons.

We present for the first time the transmission of an entangled two-photon state through a
plasmonic aperture that is smaller than the wavelength of the light. Entanglement is the key
resource for many quantum information schemes and its protection of great interest. Strong
interactions with the nanoaperture usually destroy the entanglement of an arbitrary state. We
tailor a special state for the interaction – taking into account the specific properties of the
aperture – that leads to quantum interference and eventually protects the entanglement from
degradation. We experimentally demonstrate creation of this state, transmission through the
nanoaperture and successful protection of the entanglement.

On our way to this achievement, we improve our control over the spontaneous parametric
down-conversion source of photon pairs. We report a surprising dependence of the time
delay distribution between the photons of the pair on the position of the non-linear crystal.
We experimentally confirm the effect via quantum interference experiments and challenging
direct measurements of the arrival time. Furthermore, a novel reconstruction scheme for the
complex spectral biphoton wave function allows us to study the temporal correlations in more
detail and to shape the wave function. We experimentally demonstrate the reconstruction
in different situations and find an unexpected temporal distribution with a detection mode
carrying orbital angular momentum.
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The “paradox” is only a conflict
between reality and your feeling
of what reality “ought to be”.

Richard Feynman [1]

1
General Introduction

This first chapter introduces the goal of the thesis and some of its fundamental concepts in
terms understandable by any interested reader in order to give a general context. A more
technical and detailed introduction follows in the next chapter 2.

We start in section 1.1 with the question of what quantum physics is and how it is different
from classical physics. We answer very selectively with a few examples that will matter for
this work, especially light sources and entanglement. In section 1.2 we see how the unique
behaviour of quantum objects can be used in exciting applications that might transform every
day life. We conclude the chapter with section 1.3 by giving an overview over our work and
by exploring how it could help advance quantum technologies.



2 General Introduction

1.1 Quantum physics
Quantum physics was developed at the beginning of the 20th century as the result of searching
for new explanations and descriptions of phenomena that could not be explained satisfactorily
by theories at that time. A central role was played by electromagnetic radiation and its
understanding. During the 19th century the idea that electromagnetic radiation – including
visible light, ultraviolet, infrared – was a wave had solidified. Among other milestones
the double slit experiment of Young (1803), where light interferes like typical waves and
Maxwell’s equations (1861) describing electromagnetic radiation as waves were responsible
for this [1]. One unexplained problem was the emission spectrum of a so called black body
(a body that absorbs all incident light), for which classical theory predicts an ever increasing
energy emission towards higher frequencies. This results in a physically impossible infinite
energy. In 1900, Planck published a new formula for the black body radiation that avoided
the infinite energy. It was based on the idea that electromagnetic radiation is quantised in
energy steps of

E = hν , (1.1)

where ν is the frequency of the radiation and h is a constant, now known as Planck’s constant.
This discovery, that light appears in quantised energy packets challenged the prevailing
picture of light as a wave. The explanation of the photoelectric effect by Einstein in 1905
further threatened the wave concept. This effect, where electrons are ejected from a metal
by incoming light, could also be elegantly explained by assuming that light exists in quanta.
All this would eventually lead to the so called wave-particle duality, one of the fundamental
features of quantum physics. Einstein and Infeld wrote in 1938 [2]:

But what is light really? Is it a wave or a shower of photons? [...] There
seems no likelihood of forming a consistent description of the phenomena of
light by a choice of only one of the two possible languages. It seems as though
we must use sometimes the one theory and sometimes the other, while at times
we may use either. We are faced with a new kind of difficulty. We have two
contradictory pictures of reality; separately neither of them fully explains the
phenomena of light, but together they do!

This coexistence of the two views of light and their selective use for different phenomena, can
be understood by considering a fundamental entity of quantum physics – the wave function.
The wave function represents the complete knowledge about a particle or system. A particle
– for example an electron or a photon – usually has several degrees of freedom, but we will
consider only space for the moment (disregarding relativistic problems for simplicity). The
wave function can then be thought of as assigning every point in space a probability amplitude
that the particle can be found at that point. Contrary to classical physics, the position is then
no longer a precise quantity, but inherently statistical in nature. The particle’s wave function
describes where it is likely to be found and where it is less likely, but there is no specific point
in space where it definitely can be found at a certain point in time. The wave function evolves
with time and behaves – as the name suggests – like a wave. This is the underlying reason that
particles in quantum mechanics behave as waves, in particular they can be thought of as the
wave of the probability amplitude. The particle behaviour manifests itself, once the particle
is detected. For example when measured in space, the uncertainty in the location vanishes
and the particle is found at exactly that location. The way wave functions behave and evolve
was formalised by Schrödinger in 1925.
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One other striking feature of quantummechanics was first discussed by Einstein, Podolsky
and Rosen in an attempt to show that quantum mechanics is incomplete [3]. What they
considered an argument against the completeness of the theory was later acknowledged as
one of the defining features of quantum mechanics. The ability for two or more particles to
form a connected system – with one collective wave function – that behaves in a way which
can not be explained by treating the particles individually.

1.1.1 Light sources - classical and quantum
We now want to discuss different types of light sources, since a special source of quantum
light is used for the experiments described in this thesis. For the purpose of our comparison
of different light sources, the characterising features are coherence and counting statistics.
Coherence describes whether different parts (either in space or time) of a wave can interfere
with each other. If the phase relation between these parts is constant, interference is possible
and the wave is said to be coherent. The counting statistics provide information about
the expected distribution of detection events when measuring the arrival of single photons.
Assuming that a detector is placed somewhere in the vicinity of the light source and the
detector is capable of registering the arrival of single photons, the question arises, what is the
signal going to look like? We discuss these two important characteristics of light sources for
three different types.

(a)

(b)

(c)

Figure 1.1: Schematic comparison between the three regimes of photon statistics. A stream
of photons is measured at a detector on the right and the spacing between photons can be
very different for the three regimes: (a) Super-Poissonian statistics, where random changes
in intensity lead to stronger fluctuations than those found in (b) Poissonian statistics, where
the arrival of a single photon is independent from the arrival of any other photon. (c)
Sub-Poissonian statistics, where photons are well separated and fluctuations are even smaller.

The first source of light is truly ubiquitous. It is thermal radiation, such as from an
incandescent light bulb or any other “warm” body. The motion of charged particles inside
any material causes electromagnetic radiation to be emitted and the higher the temperature,
the higher the speed of the particles andwith that the higher the energy of the emitted radiation.
At room temperature most of the light is emitted as infrared, which is why we do not see
our surroundings glow in the visible spectrum. Independent waves with different frequencies
are emitted from different parts of the body, making the emission highly incoherent. Waves
emitted independently of each other have arbitrary and changing phase relationships, making
it impossible to observe interference. Regarding the counting statistics, thermal light tends to
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bunch together, due to fluctuations of the emission. This regime is called Super-Poissonian
statistics. Figure 1.1 (a) shows schematically such a stream of photons.

Another important source of light is the laser. Within an active medium, photons are
bounced back and forth, leading to stimulated emission of further photons with the same
properties. In contrast to thermal radiation, the atoms emit in phase, “knowing” of each
other, because of the common reference due to the light field itself. This gives rise to high
coherence. The photon statistics are Poissonian, meaning that the probability for the arrival
of a photon is independent of any other. Figure 1.1 (b) visualises such a stream of photons.
There is less bunching compared to the super-Poissonian case of (a).

A source that shows true quantum features is depicted in figure 1.1 (c). Here, photons
never arrive close to one another, they are perfectly anti-bunched. An experimental realisation
of such a source is a single photon emitter and has approximately been demonstrated in a
variety of systems. A true single photon source would be an invaluable tool for many quantum
technologies (see section 1.2) and is hence an area of intense research. The coherence of a
single photon source depends strongly on its specific implementation.

The photon source we use throughout this thesis is special in the sense that it produces
well separated pairs instead of single photons. A stream of many high energy photons is sent
through a non-linear crystal, where a small chance exists that a single high energy photon is
transformed into two lower energy photons. Due to the low probability of this happening,
pairs are well separated from each other and it is unlikely to get more than one pair at a
time. These photon pairs are used for a variety of applications. We discuss these so called
spontaneous parametric down-conversion (SPDC) sources in section 2.2 of the next chapter
in more detail.

1.1.2 Entanglement
We now want to focus on one quintessential feature of quantum mechanics: entanglement.
Entanglement plays a central role throughout this thesis and is an important resource for
many quantum technologies. In 1935 Schrödinger put it this way [4]:

I would not call that one but rather the characteristic trait of quantum me-
chanics, the one that enforces its entire departure from classical lines of thought.

Two ormore particles can become entangledwhen interactingwith each other and through
this interaction they can not be described independently any longer, but must be treated as
one system. Even if the particles were to be separated by large distances, they would still
form this unit and strangely influence each other. What is meant by influence in this context?
Following the argumentation of Gisin [5] we first take a look at classical correlation and then
argue that entanglement gives rise to a completely new type of correlation.

A correlation is a synchronised behaviour of two quantities or events A and B. This could
for example be the flow rate of municipal fresh water that suddenly jumps up when there
is a break in a major sports event. Science very often deals with such situations, where
a correlation is observed and a causal relation is wanted to explain the observation. The
correlation between the fresh water consumption and the course of the sports event is most
likely explained by an increased bathroom usage throughout the city, when the exciting game
is paused. In this case we say that the game influences and causes the behaviour of the water
consumption. So A causing B or B causing A is a first type of causal relation. Another one
is the so called common cause: A and B could be caused by C.
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It is important to note here that A causes B makes sense only if A even had the chance
to cause B. That means if, for example, B lies in the past of A, A causes B is not a valid
explanation for an observed correlation between A and B. To be more precise, we have to
take space into account as well. If A is too far away to reach B in time, A can not cause B.
“Too far away” is accurately defined by the speed of light. No information can be transmitted
faster than the speed of light. So, in order for A to cause B, they have to be separated in
space-time by at most the distance of a light signal connecting A with B. In this sense, we
speak of local correlations if they can be explained by causal relations, where the effect was
transported with at most the speed of light.

Quantum mechanics, as first discussed by Einstein, Podolsky and Rosen [3] allows for
non-local correlations. Non-local [6] means that there is no local causal relation possible.
Einstein, Podolsky and Rosen used this discovery as an argument against the completeness
of quantum mechanics in the sense that they expected a more fundamental explanation
of quantum mechanics could be found to resolve this non-locality. For these non-local
correlations to manifest, entanglement is necessary. A very simple example of an entangled
system would be two photons which have had a specific interaction at some point in time,
forming their special bond. After that, it does not matter how far they are separated, as long
as they are undisturbed, the entanglement will persist. Measuring one of the two, forcing
it to decide on a measurement result (collapsing the wave function), instantaneously [7]
determines the outcome of a measurement of the second photon. If those measurements were
always of the same type, such a behaviour could be explained with a classical correlation. The
classically inexplicable happens when the photons aremeasured in different basis, leading to a
type of correlation stronger than any classical correlation. Einstein called this “spooky actions
at a distance” (page 158 in [8]). Interestingly, those correlations were used by Bell in 1964
[9] to formulate inequalities that rule out the possibility of a more fundamental explanation of
quantummechanics. One that both reproduces the results of quantummechanics and restores
locality, as envisioned by Einstein. These inequalities have since been tested countless times
with different systems and improving accuracies and always found that quantum mechanics
and entanglement can not be explained by a local hidden variable theory [10–14].

1.2 Quantum technologies
Quantum mechanics is the ultimate description of nature. In particular, microscopic objects
(atoms, ions, electrons) can only be described with quantum mechanics. Since all matter is
made of atoms, it is difficult to draw a line between conventional technologies and quantum
technologies. However, one can roughly distinguish between two phases of technological
advances based on concepts from quantum mechanics.

The first phase built upon the ideas of quantised energies and the wave function and
generated such now ubiquitous technologies as the laser (1960) or semiconductor transistors
(1947). The transistor makes explicit use of the fact that electrons can tunnel through a
forbidden region, because their wave function extends past this region. The laser on the other
hand would not be possible without the quantised energy of light and the stimulated emission.
Only many years later did the second phase take off, starting with ideas around information
and entanglement.

A very prominent example of quantum information research is directed towards quantum
computation. Some tasks that are hard to perform on a classical computer, like for example
factoring a large number, can be done with a much more favourable scaling on a quantum
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computer [15]. Significant efforts are undertaken to research and prepare the building blocks
of a quantum computer and many different approaches in a variety of different systems are
explored. The main hindrance towards a working quantum computer are negative influences
of the environment on the delicate carriers of information. Nowadays a few of these so called
qubits can be controlled, but for a useful universal quantum computer thousands to millions
of qubits would be needed [16, 17]. As an intermediate goal quantum simulations emerge
as an exciting testbed for early quantum computers. Quantum simulations could efficiently
solve important problems in chemistry, since many of these problems depend on the quantum
mechanical behaviour of electrons.

A somewhat related topic is that of quantum cryptography [18, 19]. If a reasonably
powerful quantum computer would exist, current state of the art cryptography relying pre-
dominantly on public key encryption schemes, would be worthless due to the ability of
a quantum computer to factor large numbers efficiently. Luckily, quantum cryptography
provides a way to make communications inherently secure by using entanglement.

Quantum metrology [20, 21] as a last example of a novel technology made possible
by quantum mechanical effects, is also very promising. Measurements are fundamental to
science and making them as precise as possible is an ongoing effort in every area. Due
to inherent and unavoidable noise, there is a fundamental limit to the precision of classical
measurements. It can be overcome by using special quantum states [22]. A prominent
example where this may be of importance is the detection of gravitational waves by kilometre
long interferometers. The recent first ever direct measurement of gravitational waves by the
two LIGO interferometers [23] was performed without quantum effects. However, further
increases in sensitivity could be driven by quantum metrology. A first interferometer, GEO
600, already makes use of this [24].

1.2.1 Nanophotonics and quantum optics

Our work is situated at the interface of nanophotonics and quantum optics. Before we
introduce the aim of our work in the next section, we briefly discuss what the two fields can
offer to one another.

Nanophotonics studies the behaviour of classical light at the nano-scale and its interactions
with matter at this scale. Because the wavelength of light is large (visible light: 400 nm
to 800 nm) compared to objects a few nanometer in size, it is difficult to create strong
interactions between the two. This is overcome by using metallic structures, that are capable
of concentrating the electromagnetic field to very small volumes. Free electrons inside the
metal resonate with the external field, like in an antenna.

Quantum optics on the other hand studies the quantum features of light and how well
controlled quantum states of light interact with matter. A special emphasis lies on quantum
information encoded in these states. Photons are ideal carriers of quantum information due to
their robustness against influences of the environment. However, controlling and modifying
the quantum information can be difficult because of these weak interactions with matter.

This is where quantum optics and nanophotonics can benefit from one another. Nano-
photonics could provide the tools to process quantum information at the nano-scale. The
ability to fabricate dedicated structures, optimised for specific tasks may open new possibili-
ties. In the other direction, challenges in nano-photonics, like the sensing of single molecules
could profit from the introduction of controlled quantum states of light.
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1.3 Our work
The main goal of this thesis is to demonstrate the protection of an entangled quantum state
of light from degradation due to the interaction with a metallic structure smaller than the
wavelength of the light. We successfully engineer the state of a photon pair, considering the
specific behaviour of the nano-structure and show that it is quantum interference between the
two photons that protects the state. Both photons are created in a spontaneous parametric
down-conversion source, which we briefly mentioned in section 1.1.1. Subsequently, we
control their quantum state to ensure that they are entangled and let them interact with the
structure. Interference only happens under very specific conditions in this system and we
need very good control over the entangled state to achieve these conditions. We show that
only the entanglement of the one specific state is protected and all other photon pairs lose their
entanglement. The protection of entanglement is especially interesting for all experiments
dealing with quantum information, as entanglement is an important resource. We describe
the experiment and the theoretical foundations in chapter 5.

To reach the necessary control over the photon pair, we looked into effects on the time
delay between both photons. This work is presented in chapter 3. The photons are created
simultaneously from a decaying higher energy photon, but they propagate with different
velocities through the medium, where the down-conversion takes place. Interestingly, the
acquired time delay is incorporated in the wave function of the pair, leading to a true quantum
uncertainty about the delay.

The other important step towards our goal is described in chapter 4, where we discuss and
demonstrate a reconstruction scheme for the spectral wave function of the photon pair. The
spectral wave function encompasses complete information about the energies and the relative
time delay of the photon pair. The reconstruction protocol is based on careful measurements
of interference between the two photons under varying relative temporal and spectral shifts
with respect to each other.

We believe that this work constitutes a valuable contribution to current efforts under-
standing and exploiting quantum effects at the nano-scale. Many quantum technologies rely
on entanglement as a basic resource and protecting it from interactions with the environment
is crucial.
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2
Technical Introduction

In this chapter we introduce general concepts that are relevant for the following chapters.
We start in section 2.1 with a brief overview of the description of quantum states with wave
functions and density matrices. In section 2.2 we introduce the photonic quantum state
produced by spontaneous parametric down-conversion and the specific details of the source
used for all our experiments. This is followed by section 2.3, where we introduce the famous
Hong-Ou-Mandel interference. We continue in section 2.4 with a discussion of different
photonic degrees of freedom with an emphasise on the angular momentum of light. We show
how to control the orbital angular momentum with q-plates. We finally describe the action of
a plasmonic nanoaperture on a beam of light in the section 2.6, where the angular momentum
of light plays again an important role.
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2.1 Quantum states

Measurements in quantum mechanics are inherently probabilistic in nature. The transmis-
sion of a horizontally polarised photon through a polariser that is neither horizontally nor
vertically aligned can not be predicted with certainty. This uncertainty is not a mistake of the
experimentalist, nor is it a lack of knowledge about the system. It reflects the nature of the
wavefunction of the photon. With respect to the measurement basis, given by the polariser,
the photon is in a superposition between the parallel and the orthogonal state and it is only
due to the measurement that the wave function collapses onto one of the two possibilities.
Knowing the photon is linearly polarised in a certain direction, we know everything there is
to know about the photon with respect to its polarisation degree of freedom. Such a state,
for which we have full knowledge is associated with a vector in Hilbert space and is called a
pure state. For a specific choice of basis

{ |ψn〉
}
it can be represented as a wave function

|Ψ〉 =
∑

n

cn |ψn〉 , (2.1)

where the coefficients cn fulfill
∑ |cn |2 = 1. The wave function attaches a probability ampli-

tude to every possible measurement outcome of the degree of freedom under consideration.
Any state that can be written as a coherent superposition of pure states, is itself a pure state.

In contrast to this intrinsic probability, there may also be a lack of knowledge, for example
an uncertainty in the preparation of the state. This uncertainty can be incorporated into a
density matrix, which name is reminiscent of phase space in classical statistical mechanics
[25]. Such a system, where a classical probability is associated with more than one pure
state, is called a mixed state. The density operator can describe any quantum state, mixed or
pure and can abstractly be defined as:

ρ̂ =
∑

j

p j |ψ j〉 〈ψ j | , (2.2)

where p j are the classical probabilities to find the pure states |ψ j〉. These pure states are
added incoherently in this case. Here, incoherently means that to calculate the probability
of a certain measurement outcome, first the probability for every pure state is computed and
then a weighted average is taken over all pure state results. If a specific orthonormal basis is
chosen

{ |φm〉
}
, the associated specific density matrix elements are obtained as:

ρmn = 〈φm | ρ̂ |φn〉 . (2.3)

The dimension of the matrix is given by the number of basis vectors. With this density matrix
it is straightforward to calculate the expectation value of an arbitrary operator Ô〈

Ô
〉
= tr(ρÔ) . (2.4)

Both mixed and pure states can conveniently be represented by density matrices. By
choice of a suitable basis, the density matrix can always be diagonalised. If and only if the
state is pure, there is exactly one eigenstate (and eigenvector) and thus only one element equal
to 1 on the diagonal and all other matrix entries are zero. This relates back to the fact that
any pure state can be described by exactly one Hilbert space vector. The condition for purity
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of the state represented by a density matrix can concisely be written as

tr(ρ2) = 1 . (2.5)

For any mixed state tr(ρ2) < 1 holds. Apart from this, the density matrix has a few more
important properties. In order for every ensemble average under the action of a hermitian
operator to be real, the density matrix must be hermitian as well:

ρmn = ρ
∗
nm . (2.6)

In simple words this means that the diagonal must be real and the off-diagonal elements are
complex conjugates of each other. Since the probabilities of the incoherent mixture must add
up to unity, it follows that

tr(ρ) = 1 . (2.7)

Also, the density matrix is positive semidefinite, which requires all diagonal elements to be
positive.

A system of more than one particle is entangled if it can not be described as a product
state of its subsystems. For two particles with states in Hilbert spaces A and B,

|ψ〉A ⊗ |φ〉B (2.8)

is a product state. If the two particles are entangled, their state can not be written in this way.
A single entangled system as a whole may be a pure state, if however, the sub-systems are
considered individually, they behave as completely mixed states [26]. Deciding whether a
given system is entangled, is generally not trivial [27], but for the case of two particles with
two dimensional Hilbert spaces, a number of entanglement measures exist [28].

We use the concurrence as a measure related to the entanglement of formation. It is
defined for two qubits as [29, 30]

C(ρ) = max{0,
√
λ1 −

√
λ2 −

√
λ3 −

√
λ4} , (2.9)

where the λi are the ordered eigenvalues of the matrix ρ(σy ⊗ σy)ρ∗(σy ⊗ σy), which is the
product of the original and the single spin flipped density matrix. Here σy is a Pauli matrix.
Additionally, we use the negativity as another entanglement monotone. In contrast to the
concurrence it is related to the entanglement that could be harvested from a given state and
defined as [30]

N(ρ) = max{0,−2λmin} , (2.10)

where λmin is the smallest eigenvalue of the partially transposed density matrix. Both
concurrence and negativity take on values between 0 and 1, where 1 indicates a maximally
entangled state and 0 indicates a not entangled state.

2.2 Photonic quantum states
We now introduce one of the most common sources of entangled photons, spontaneous
parametric down-conversion (SPDC). In the presence of a quadratic non-linear medium, a
high energy pump photon can spontaneously decay into two photons of lower energy. This is
one of many processes observed in non-linear optics. Non-linear in this context means that
the dielectric polarisation P(t) of the medium in which the electromagnetic waves propagate,
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responds non-linearly to the electric field. This can be expressed as a Taylor expansion in the
electric field strength E(t) [31]

P(t) ≈ χ(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ... , (2.11)

where χ(n) denotes the n-th susceptibility. For simplicity, we have written the equation in its
scalar form. In general we would need to write polarisation and electric field as vectors and
the susceptibilities as tensors. In many media, only χ(1) is significant and the response is
linear in the electric field strength. Even terms of the expansion occur only in media without
inversion symmetry. Under inversion E(t) → −E(t) and P(t) → −P(t), which requires all
even terms to be zero, if inverted and non-inverted equation 2.11 are to be equal. For SPDC,
the second order non-linearity is important, which imposes restrictions on the type of material
due to the required asymmetry under inversion. This excludes any disordered material from
the start and even many crystals.

We will now give a brief motivation for the emergence of frequency related non-linear
optical effects and eventually SPDC. We start from the wave equation

∇2E − n2

c2
∂2E
∂t2 =

4π
c2
∂Pnonlin

∂t2 , (2.12)

where n is the index of refraction and c the speed of light in vacuum. Pnonlin is the part of the
polarisation due to higher order terms. This means that in vacuum or a purely linear medium,
the right side of this equation is zero. Assuming we have an incident field with two frequency
components ω1 and ω2:

E(t) = E1e−iω1t + E2e−iω2t + c.c. , (2.13)

the second order polarisation in the medium is given by

P(2)(t) = χ(2)E2(t) = χ(2)
[
2E1E∗1 + 2E2E∗2

+E2
1 e−2iω1t + E2

2 e−2iω2t

+2E1E2e−i(ω1+ω2)t + c.c.

+2E1E∗2 e−2(ω1−ω2)t + c.c.
]

. (2.14)

Several effects of non-linear optics are readily visible in this equation. The two terms of the
first line correspond to a static electric field inside the crystal, since their second derivative (cf.
equation 2.12) vanishes. The next line corresponds to second harmonic generation, where
an incident wave is frequency doubled. This happens independently for both input waves.
The third line corresponds to sum frequency generation, where a new photon of combined
energy is generated by consuming two incident photons. The last line describes difference
frequency generation, which is the process we are interested in, because it becomes SPDC in
the limit of vanishing intensity of one of the two input beams. Usually, there is at most one of
these four different effects observable. This is due to conservation of energy and momentum,
which can not usually be fulfilled for all of these processes at the same time.

In difference frequency generation, the higher energetic photon of the two incident photons
is destroyed, a new lower energy photon is created alongside a new photon at the difference
frequency. The existence of the lower energy input photon stimulates this process. Even if
this photon is not present in the input field, the process can still occur spontaneously: SPDC
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[32, 33]. The decay of the high energy photon into two low energy photons – hence the down-
conversion part of the name – is then induced by vacuum fluctuations. All of the non-linear
processes named above are parametric, meaning that they leave the crystal unchanged. This
requires that energy between input and output photons is conserved. The crystal only serves
as a catalyst.

In SPDC, the high energy photon is typically called pump and the other two photons are
called signal and idler. The names can be understood from the historical context, where
down-conversion was often performed with non-degenerate photons where only one of them
was in the visible range and easily detected, the signal, and the other one in the infrared and
thus not easily detected, the idler [34].

The decay into two new photons happens only under specific conditions, called phase
matching. Both energy and momentum have to be conserved in the process

ωp = ωs + ωi

kp = ks + ki . (2.15)

Here the energy of each photons appears as the frequency ω and momentum as the vector
k. Each photon (pump, signal and idler) is identified by the index to each quantity. The
conservation leads to correlations between frequency, momentum and polarisation of signal
and idler photons. For example in the production of heralded single photons [35] this is often
seen as a liability. If one of the two photons is detected, the other one is projected into a
mixed state, which is often unfavourable for quantum information experiments, where pure
states are required. As a countermeasure, the SPDC output has to be filtered strongly. On the
other hand, these correlations are also exploited in various directions. We will discuss some
examples in the section 2.4.

In a quantum mechanical framework, the state of the photon pair, the biphoton, after its
creation can be calculated under the reasonable assumption of a classical pump field [36] and
the final form is:

|Ψ〉 =
∫

dks dki dσs dσi Φ(ks, ki, σs, σi) a†(ks, σs)a†(ki, σi) |0〉 |0〉 . (2.16)

Here, a†(ks, σs) and a†(ki, σi) are the creation operators of signal and idler respectively. k
is the momentum vector and σ the polarisation. The characteristics of the photon pair are
hidden in the mode function Φ(ks, ki, σs, σi) . It contains the correlations between signal and
idler and is governed by the phase matching.

Experimentally, several different types of SPDC sources exist. The main classification
characteristics are the relative polarisations of pump, signal and idler, the emission direction
of signal and idler, and the type of non-linear crystal used. The relative linear polarisation
gives rise to three categories: in type 0 down-conversion all three photons carry the same
polarisation. If the pump photon is orthogonally polarised relative to the two down-converted
photons, the source is of type I and the case of signal and idler photons being orthogonally
polarised is assigned type II. All of these cases can be achieved with either different emission
directions of the down-converted photons or with collinear emission. We use collinear
type II down-conversion in the following experiments. Signal and idler being orthogonally
polarised gives us a straightforward way of separating them with a polarising beam splitter.
The advantage of using collinear production in the first place, lies in the ability to use rather
long non-linear crystals, which increases the number of photon pairs produced. This is a
somewhat recent development starting 2001 that only became possiblewith the introduction of
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periodically poled crystals [37]. Historically, so called critical phase matching was achieved
by tilting the optical axis of the crystal with respect to the pump beam. Introducing an
additional periodicity into the crystal, by alternating the optical axis, allows for the so called
quasi-phase matching [37–39]. With this technique the crystal can be fabricated to create
phase matching for a specific type of down-conversion and specific wavelengths. Fine tuning
of the phase matching is usually achieved by controlling the temperature of the crystal.
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Figure 2.1: Normalised spectra of signal and idler coupled into single mode fibres.

We use a 15 mm long, periodically poled potassium titanyl phosphate (ppKTP) [40]
crystal, with a poling period of 9.89 µm, which allows us to achieve type II, degenerate,
collinear down-conversion with a pump wavelength of 404.25 nm at a crystal temperature
of about 60 °C. Both signal and idler thus have a wavelength of 808.5 nm, when their
wave-vector is parallel to the pump and slightly larger/smaller wavelengths at small angles.
Figure 2.1 compares the measured spectra of signal and idler photons. The width of the
down-converted spectra depends also on the pump bandwidth. In our case the pump is very
narrow with a width of only 5 MHz.

Our source produces approximately 8 × 105 signal photons per second and mW of pump
power inside the crystal, counted after coupling to single mode fibre. Although, SPDC relies
on the non-linearity of the medium, it is linear in the pump intensity [32]. That means the
number of photons produced scales linearly with the pump power and for our source the
maximum power is 24 mW. This number of signal photons per second can not be translated
directly to the number of pairs per second, because many of the pairs vanish due to losses of
one photon of the pair at optical elements, especially at fibre couplings and inefficient photon
counters. A typical ratio of intact pairs to single photons, lies at about 10 %. The decay
probability for a single pump photon lies on the order of 10−12.

2.3 Hong-Ou-Mandel interference
Interference is well known in classical physics, when two waves overlap. The classical picture
can even be applied to single particle interference. The interference of two or more particles,
however, is a purely quantum mechanical phenomenon and was first observed in the case of
photons by Hong, Ou and Mandel [41] and reported in their seminal paper in 1987. It is now
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b̂†2

b̂†1

Figure 2.2: Schematic of the input and output ports of a non-polarising beam splitter, used
for Hong-Ou-Mandel interference.

used for a wide variety of experiments and techniques in quantum information science. For
example to entangle photons [42, 43], to teleport them [44] or in optical quantum gates [45].

A schematic of the Hong-Ou-Mandel interference is shown in figure 2.2. Sending a single
photon into one of the two input ports of a non-polarising beam-splitter,

â†1 −→
1√
2

(
b̂†1 + b̂†2

)
(2.17)

â†2 −→
1√
2

(
b̂†1 − b̂†2

)
, (2.18)

results in a superposition of the two output modes. Here, â† denotes a creation operator in an
input port and b̂† the creation operator for a photon in the output mode. Having one photon
in each of the two inputs together leads to behaviour that can not be explained classically

â†1â†2 −→
1
2

(
b̂†1 + b̂†2

) (
b̂†1 − b̂†2

)
=

1
2

(
b̂†

2

1 − b̂†
2

2

)
. (2.19)

Namely, the two photons always leave the beam-splitter together. The cancellation of the
mixed term is of course only possible, if the two photons are indistinguishable in all their
remaining degrees of freedom, apart from the spatial mode they are in. Indistinguishability
here means that it is impossible to identify the photons based on a measurement. In type
II SPDC for example, signal and idler photon acquire different time delays while traveling
through the non-linear crystal and they still interfere with each other, if the delay distribution is
symmetric and the average delay is zero. The important point here is that the joint probability
distribution of both photons in each degree of freedom must be symmetric. Distinguishable
input photons would require the creation operators in the output to be different, preventing
any interference.

Experimentally, Hong-Ou-Mandel interference is observed by counting coincidences
between the two output ports, while changing the distinguishability of the two input photons.
If they are indistinguishable the rate of coincidences will drop, ideally to zero, since all
photons will leave the beam splitter in pairs. We show one example of such a resulting
dip in figure 2.3. In this measurement, we have used photon pairs from our spontaneous
parametric down-conversion source (cf. section 2.2), split them, changed their relative time
delay via a path length difference and then overlapped them on the beam splitter. Figure
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Figure 2.3: Example of a Hong-Ou-Mandel dip in the coincidences count rate as a function
of the relative time delay between signal and idler photon. With perfectly indistinguishable
photons the dip should extend to zero coincidences at zero time delay. In this measurement,
however, the photons are slightly distinguishable, especially in frequency.

2.4 schematically depicts this measurement. A figure of merit for Hong-Ou-Mandel dips
is the visibility of the interference defined as V = (C(∞) − C(0))/C(∞), where C(0) is the
coincidence count rate at the minimum of the dip and C(∞) the count rate far away from the
minimum, where there is no fluctuation anymore.

Apart from the dip visibility being a measure for the indistinguishability of the two
photons, the interference dip also reveals information about the spectrum. For a specific
spatial mode, the shape of the Hong-Ou-Mandel dip is given by the Fourier transform of the
spectra of the photons.

Due to the importance for practical schemes and its fundamental significance, the Hong-
Ou-Mandel interference has been demonstrated in a wide variety of different systems. In
principle the interference can be observed for any pair of bosons, since equations 2.18 and
2.19 are generic. One of the difficulties of translating the interference to other systems is
the implementation of the beam splitter. This has been overcome for example for atoms [46]
with Bragg scattering or for plasmons [47] with waveguide evanescent couplers. Another
remarkable experiment interferes phonons in trapped ions [48]. Coming back to photons,
there is also a lot of interest to show the interference of photons from independent sources
[49, 50], as this signifies their indistinguishability and thus demonstrates good control over
the individual sources. Interestingly, a similar effect has recently been observed for electrons
[51], where due to the Pauli exclusion principle, the electrons always leave the beam splitter
separately.

We can use the Hong-Ou-Mandel interference to study the behaviour of our source. See
figure 2.5 for an example comparing two different pump beamwaists. As discussed in section
2.4, the pump beam waist controls the degree of spatial entanglement, but it also influences
the spectral width of the down-converted photons. In figure 2.5 (a) we see that the spectral
width is much smaller for a large pump beam waist than for a small waist. The temperature of
the non-linear crystal shifts the spectra of signal and idler with respect to each other and thus
allows us to measure the overlap between the two. Comparing to figure 2.5 (b) it becomes
apparent, that the temporal width is inversely connected to the spectral width [52].
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PBS

detector

BS

Figure 2.4: Schematic of a spatial delay line to create a Hong-Ou-Mandel interference dip as
shown in figure 2.3. Photon pairs arrive on the polarising beam splitter (PBS) from the left
and are split. One of photons takes a path with a variable length before both photons overlap
on a 50:50 beam splitter (BS), where the quantum interference takes place. The signature of
a reduced coincidence rate is measured with single photon counters, if the path-lengths of
both photons are equal.

2.4 Photonic degrees of freedom

Asingle photon can in principle be created in arbitrary electromagneticmodes and thus inherit
the properties of thesemodes [53, 54], energy, wave-vector, helicity, total angular momentum,
etc. The situation becomes more complex, when considering correlated photon pairs. In the
following we discuss pairs generated by spontaneous parametric down-conversion and their
degrees of freedom.

The most fundamental correlation between signal and idler photons from SPDC, is their
temporal connection. Usually, since the down-conversion is parametric, they are born at the
same time and are thus strongly correlated in time [34]. This fact is used to identify two
photons as a pair and for the generation of single photons, where the detection of an idler
photon heralds the existence of a signal photon. Correlation in time automatically entails
anti-correlation in frequency, via Fourier duality. The opposite case of correlated frequencies
and anti-correlated timing has been shown with pulsed pump beams in long crystals [55–57].
In our source, we are using continuous wave pumping and thus observe frequency anti-
correlation. Control over the separation of signal and idler mean wavelengths is possible via
temperature tuning the non-linear crystal or by changing the pump wavelength for a specific
non-linear crystal.

The reason for all correlations can be found in the phasematching conditions (cf. equation
2.15). Similar to time and energy, also space and momentum correlations can be found in
SPDC pairs [58–62]. By moving between real and Fourier space in the far field of the
source, these correlations can be interchanged [63], from correlation to anti-correlation in
space (or vice versa in momentum). A convenient basis to analyse spatial correlation of
the down-converted photons are the Laguerre-Gaussian modes, which are eigenstates of the
orbital angular momentum of light (see next section 2.5). Since they form a complete set of
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Figure 2.5: Direct comparison of the Hong-Ou-Mandel dips with two different pump beam
waists. The blue data points correspond to a beamwaist of 5.4 µmand the purplemeasurement
to a beam waist of 32.4 µm. Coincidence rates are normalised such, that the coincidence rate
for fully distinguishable photons is 0.5. (a) Hong-Ou-Mandel dip as a function of the crystal
temperature and (b) as a function of the relative time delay. Dip width in crystal temperature
and relative time delay are inversely related.

solutions for the paraxial Maxwell equations, every mode function (cf. equation 2.16) can
be expanded in Laguerre-Gaussian states [64–66], carrying orbital angular momentum. The
degree of spatial correlations between signal and idler photons can be controlled by choosing
the beam waist of the focused Gaussian pump beam inside the non-linear crystal [59]. The
dependence is a convex function of the beam waist and on either side of the minimum, the
down-converted photon pairs are entangled in orbital angular momentum [67, 68].

All of these correlations are unwanted for the generation of heralded single photons from
SPDC. Here, great efforts are being undertaken to remove and minimise the correlations [35].
Otherwise, the purity of the heralded photon is degraded, since properties of the detected
photon would in principle allow to obtain information about the heralded photon.

2.5 Angular momentum of light
The total angular momentum of a beam of light is often described as a combination of the
well known spin orbital angular momentum, which is connected to the polarisation and the
orbital angular momentum [65, 69], which is connected to the phase front of the beam. With
highly focused fields the separation between spin angular momentum and orbital angular
momentum disappears and a better description is given in terms of total angular momentum
Jz and helicity Λ [70]. However, in the paraxial limit, spin and orbital angular momenta can
describe the fields well [71] and for this section, we will keep to this separation, since it is
widely used in the literature.

In a beam of well defined spin angular momentum, the spin can take one of two values:
Sz = ±~, corresponding to left and right circular polarisation. For the orbital angular
momentum an infinite number of values are possible: Lz = l~ with integer l. Solutions to
Maxwell’s equations that have a well defined orbital angular momentum are the Laguerre-
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Figure 2.6: Overview over wavefront (left column), phase (centre column) and intensity
(right column) of three Laguerre-Gaussian beams. The upper row shows a beam with one
quantum of of orbital angular momentum per photon, which corresponds to an azimuthal
index of l = 1. The middle row shows l = 0, which is identical to a Gaussian beam and the
last row shows a beam with l = −1. In all cases the radial index is zero.

Gaussian modes. Figure 2.6 compares three of those beams. A Laguerre-Gaussian beam is
defined, among other quantities, by its azimuthal index l, which is equivalent to the number
of quanta of orbital angular momenta carried per photon. Mathematically, this manifests as
a phase factor eilφ in the electric and magnetic field strengths, where φ is the angle around
the propagation axis. The upper row of the figure shows a first order Laguerre-Gaussian
beam with l = 1, which carries one quantum of orbital angular momentum per photon.
Characteristically, the phase front wraps around the axis of propagation as seen in the first
column, where a surface of constant phase is shown. The phase in a plane perpendicular to
the propagation axis is depicted in the second column with the vortex of undefined phase
in the centre. In the intensity pattern shown on the right, this vortex results in a vanishing
intensity in the centre and the typical doughnut shape. In the case of l = 0 a Gaussian beam
is retrieved, as shown in the second row. The phase fronts are flat and separated and the
intensity profile is the well known Gaussian bell curve. A beam with l = −1 again carries one
quantum of orbital angular momentum per photon, but this time with inverted orientation of
the rotation.
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Figure 2.7: Camera images of the beam profile of an initially Gaussian beam after having
passed through a q-plate that is electrically switched off (a) or on (b). Both images employ
the same colormap, showing intensity with arbitrary units.

Electromagnetic beams carrying orbital angular momentum have found applications in
a number of different areas. Combining a Gaussian beam to facilitate fluorescence in mi-
croscopy samples and a Laguerre-Gaussian beam to inhibit it again in a ring around the
excitation, has allowed surpassing the diffraction limit with stimulated emission depletion mi-
croscopy [72] as one example. The theoretically unlimited range of orbital angular momenta
available makes it interesting for information multiplexing [73] in optical communications.
In the field of optical trapping, orbital angular momentum provides a tool for manipulation
and sensing of small particles [74, 75]. In Astronomy, analysis of orbital angular momentum
might add additional information about a source [76] such as the surrounding of a black hole
[77].

The applications mentioned so far are concerned with angular momentum of classical
beams. But also for quantum information technologies, orbital angular momentum is of great
interest [67]. For example Hong-Ou-Mandel interference has been demonstrated between
single photons of variable orbital angular momentum [78]. And recently, a quantum memory
was realised for states carrying orbital angular momentum [79].

For all these applications of orbital angular momentum, controlled creation and detection
of specific modes is important. Detection of orbital angular momentum [80, 81] is intimately
connected to its creation. Early schemes to modify the orbital angular momentum content of
a beam relied on polarisation independent methods like cylindrical lenses [69], spiral phase
plates [82] or holograms [83], directly imposing the helical phase that is characteristic of
orbital angular momentum beams.

More recently, Prof. Lorenzo Marrucci and coworkers [84, 85] have developed a method
that couples spin with orbital angular momentum using anisotropic inhomogeneous media.
In a slab of liquid crystal, the optical birefringent axis is changed locally, creating a pattern
with a topological charge in the centre. This charge determines the amount of orbital angular
momentum being transferred. The orientation of the optical axis wraps around the centre
q times, where q must be integer or half integer, since the optical axis does not have a
polarity. Figure 2.8 shows the orientation of the optical axis schematically for two different
q-plates. The change of the optical axis creates a topological defect at the centre of the
plate with charge q. The change of the orbital angular momentum is then ∆l = ±2q, where
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(a) (b)

Figure 2.8: Schematic of the orientation of the local optical axis within the liquid crystal of
a q-plate, indicated in each point by the tangent to the curves shown. (a) q-plate with q = 0.5
and (b) with q = 1. Figure adapted from [84].

the sign is determined by the circular input polarisation. This polarisation is flipped in
the transformation. That means for q = 1 the transfer happens purely from spin angular
momentum to orbital angular momentum without any momentum exchange with the q-plate.
The theoretical efficiency can be very high, approaching 100 % [86]. For the experiments
described later in this thesis it is very convenient that the q-plate can be electrically tuned
and switched from in-active to active [87, 88], as shown in figure 2.7 for a beam of SPDC
photons in a Gaussian state.

2.6 Plasmonic nanoapertures
The study of light scattering off sub-wavelength apertures has been an active area of research
for many decades now, starting with the seminal theoretical investigation by Bethe [89] in
1944. Since then, the discovery that the transmission through apertures in metallic films
can be much stronger than predicted by Bethe [90], created a lot of interest. The effect is
now known as “extraordinary transmission” and is attributed to the excitation of localised
plasmons at the interface of metal and dielectric [91].

The key behaviour of isolated circular nanoapertures for the experiment reported in this
thesis, is their influence on the helicity of transmitted light [92]. Since the light must be
focused strongly, the separation into spin and orbital angular momentum is not adequate.
Instead, total angular momentum and helicity – the projection of the total angular momentum
on the linear momentum – provide a valid description both in the paraxial limit as well as for
arbitrarily focused beams [70]. For all experimental purposes, however, one can think of the
two helicity states just as left and right circularly polarised. This is possible, because both in
preparation and detection the beam is virtually paraxial and due to the fact that an aplanatic
lens [93] does not alter the helicity state [94].

An incident photon of well defined helicity Λ and total angular momentum m undergoes
a transformation into a superposition of an output photon with the same helicity and one of
opposite helicity:

â†m,Λ −→ αb̂†m,Λ + βb̂†m,−Λ . (2.20)

The creation operator for input photons is denoted here as â† and the creation operator for
photons after the interaction with the nanoaperture as b̂†. The relative strength of changed
and unchanged helicity fields is governed by the two coefficients α and β. The total angular
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momentum is conserved due to the cylindrical symmetry of the system. The helicity on
the contrary is not conserved in this interaction, because of the broken duality symmetry
[70]. The relative strength of the output fields with changed and unchanged helicity naturally
depends on the specifics of the nanoaperture and the incident field. Generally, however, for
smaller apertures they become more and more comparable, due to the stronger coupling to
large transverse momenta [92]. The probability of a helicity flip, given by the parameters α
and β can only be determined experimentally [92, 95] or via simulation [96].

If the input for example is a right circularly polarised Gaussian beam

â†1,+ −→ αb̂†1,+ + βb̂†1,− , (2.21)

the collimated output after the transmission through the aperture consists of an identically
polarised Gaussian beam and a left circularly polarised Laguerre-Gaussian beam carrying
two quanta of orbital angular momentum l = Λ − m per photon.



3
Controlling the SPDC Wave Function

Photon pairs from spontaneous parametric down-conversion are a widely used resource for
photonic quantum technologies. Because all of their degrees of freedom can be tailored
for specific applications, these photon pairs are very versatile. Control over all degrees of
freedom is essential for our project in order to understand the coupling to nanostructures.
In this chapter, we report a novel way of influencing the temporal wave function. This is
especially important for experiments relying on the interference of the two photons and their
indistinguishability.

We have found, studied and explained the surprising behaviour of temporal correlations of
the pair with respect to the position of the non-linear crystal for type II, continuously pumped
SPDC. We attribute this behaviour to the interplay between spatio-temporal correlations of
the wave function and selective detection. To measure the influence of the crystal position,
we have developed a method to directly measure arrival time differences with a resolution of
a few 0.1 ps even with single photon detectors which time resolutions are limited to several
10 ps.

Starting in section 3.1, we recount the circumstances that lead to the finding and present
a first measurement based on Hong-Ou-Mandel interference. In section 3.2 we discuss why
this is a surprising behaviour and in that course examine where SPDC photons are created in
a finite length non-linear crystal. We subsequently present the theoretical reason behind the
effect in section 3.3. Afterwards in section 3.4, we start with a discussion of the technique
used for the first measurement and also introduce the direct time delay measurement method,
which allows us to extend the measurement to other detection modes. In the following
section 3.5 we present the measurement results based on the new method, demonstrating the
robustness of the effect against spatial and spectral filtering. We conclude the chapter with a
discussion of the findings and their impact in section 3.6.

3.1 Motivation
During the course of this project we developed and built the SPDC source described in
section 2.2 with the objective in mind to interact with plasmonic nanostructures. As part of
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Figure 3.1: Shift of the Hong-Ou-Mandel dip position as a function of the down-conversion
crystal position (blue dots) shown together with the visibility (solid grey line) and the singles
count rate (dashed purple line). The Hong-Ou-Mandel dip position for each data point is
extracted from a full Hong-Ou-Mandel dip scan.

the characterisation process, we set up a Hong-Ou-Mandel interference experiment to test
the indistinguishability of the down-converted photons. Surprisingly, we found that after
determining the dip position once and then measuring the dip visibility only at this position,
the visibility changed strongly between measurements. It was only after some tests, that
we found the longitudinal position of the non-linear crystal with respect to the pump beam
waist to influence the location of the Hong-Ou-Mandel dip. We then performed a systematic
measurement, changing the crystal position along the beam axis and recording the location
of the resulting interference dip. We show in figure 3.1 (blue dots) the path length difference
necessary for optimal interference as a function of the non-linear crystal position. Alongside,
we also show the visibility of the underlying Hong-Ou-Mandel dip (solid grey curve) and the
singles count rate (dashed purple curve). Zero crystal displacement corresponds to a centred
pump beam focus and positive values indicate a shift in the direction of pump propagation.
The crystal has a total length of 15 mm. Due to diffraction of the pump beam and its interplay
with the crystal movement, the pump focus lies within the crystal from −5 mm to 5 mm. We
see that the dip position changes nearly linearly within this interval over a total path length
difference of 1.2 mm, which is equivalent to a time difference of 4 ps. Both singles count rate
and visibility drop off as soon as the pump focus leaves the crystal.

We did not expect such a behaviour, that could naively be attributed to a localised creation
of photon pairs inside the crystal. In the following, we will discuss where SPDC photons are
created and how this puzzling effect can be explained.

3.2 Where are SPDC photons created?
Why does it matter where photon pairs are born in a non-linear crystal? For type II SPDC
(cf. section 2.2), the two photons are orthogonally polarised and the non-linear crystal
is birefringent. This means, both photons experience different group velocities inside the
crystal. This difference will lead to a time delay between signal and idler photon and its
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magnitude depends on the distance they travel through the crystal. A pair created close to
the end facet of the non-linear crystal, leaves the crystal with only a small time delay and a
pair created in the front, will acquire a large delay. Having a delay between the two photons
affects their distinguishability and this is important for all experiments based on quantum
interference of two photons.

In brief, the answer to the question of birthplace is that there is no specific place of
creation, as long as the pair is not measured. SPDC is a coherent process [34] and each pair
has the same probability distribution of time delays. A specific delay only manifests itself,
when the pair is measured. Probabilities from the front to the end of the crystal coherently
add up to the final temporal wave function of the pair.

In the following, however, we describe measurements and present results that show a
dependence of the measured time delays on the position of the down-conversion crystal with
respect to the pump beam focus. This would seem at odds with the coherent production. One
could now argue, that even if the creation is coherent, there may be places in the crystal that
are more likely to produce a photon pair than others, like for example at the pump focus. This
effect would indeed alter the temporal wave function when moving the crystal. However,
such a region does not exist. Even though SPDC is a non-linear process, the production of
pairs is linear in the pump intensity [32], because in our case pump depletion is negligible,
due to the very small total efficiency of the process. This means the number of pairs created is
independent of the pump intensity distribution and only depends on the total power [97, 98].
As long as the pump beam is fully contained within the transverse extent of the crystal, a
locally varying production efficiency can thus not explain our observations.

We show in the following section that the reason for our observation lies in the combination
of spatio-temporal correlations [99] of the SPDC wave function, a spatially dependent phase
imprinted by the collection lens and the fact that not all photons are detected. Such correlations
between different degrees of freedom of SPDC pairs are often unwanted. For example in
heralded single photon generation [35, 100], where correlations between the heralding and
the heralded photon negatively impact the purity of the heralded photon. One common way
of overcoming these correlations is by filtering in the relevant degrees of freedom [101]. In
other situations, these correlations can however also be used and are a subject of focused
research efforts [102–105].

We know of only one work that looked into the influence of the non-linear crystal position
on the biphoton state. Di Lorenzo Pires and coworkers [97] analysed intensity patterns at the
exit facet of the non-linear crystal in dependence of its position for type I SPDC.

Coming back to the question of where SPDC photons are created, the answer of coherently
created photons over the whole length of the crystal is still valid. But, we have found a way
to influence the temporal correlations in a non-trivial way, by using the spatio-temporal
correlations of the wave function.

3.3 Theoretical explanation of the time delay shift

We want to briefly show the general line of argument for explaining the time delay shift in
this section. A detailed account is available in reference [106] and Nora Tischler’s PhD thesis
[107].

Any effect on the temporal correlations must be connected to the two-photon wave
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Figure 3.2: Illustration of the spatio-temporal correlations of the SPDC wavefunction. We
depict here the probability to observe a photon with specific combination of qx and Ω and
qy = 0, while not considering the other photon. The solid line emphasises the quadratic
dependence between Ω and |q|2. The probabilities are based on simulations of the SPDC
wavefunction for experimentally relevant parameters by Nora Tischler.

function:

|Ψ〉 =
∫

dqs dqi dωs Φ(qs, qi, ωs, ωi) â†(qs, ωs, σs) â†(qi, ωi, σi) |0〉 , (3.1)

where q is the transverse wave-vector, ω the angular frequency, and σ the polarisation. The
subindices indicate signal s or idler i photons. The photon creation operators â†(q, ω, σ) are
characterised by transverse wavenumber, frequency, and polarisation. The mode function
Φ(qs, qi, ωs, ωi) contains all correlations and specificities of the creation process. We integrate
over only one angular frequency here, because we can safely approximate our narrow band
pump laser as amonochromatic field, which fixes the idler frequency: ωi = ωp−ωs andwe can
write the frequencies in terms of the deviation from half the pump frequencyωi/s = ωp/2±Ω.

To understand the origin of the time delay shift, we then calculate the second order
correlation function between signal and idler photons with a variable delay between them:

G(2)(τ) =
���〈0| Ê (+)i (t − τ/2)Ê

(+)
s (t + τ/2) |Ψ〉

���2 . (3.2)

Experimentally, this second order correlation function can be measured through the number
of coincidences as a function of the time delay. By inserting our specific two-photon wave
function, it should reveal the origin of the dependence on the crystal displacement. We find:

Rcoinc(τ) ∝
���� ∫ dqs dqi dΩ exp

(
i(ksz(−Ω, qs) + kiz(Ω, qi)) L/2)

× exp ©­«id

(
|qs |2

2kair(−Ω)
+
|qi |2

2kair(Ω)

)ª®¬
× sinc

(
∆kz

L
2

)
g(qs, qi, zc) exp(iΩτ)

����2 , (3.3)
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where L is the length of the crystal, kz are longitudinal wave-vectors and g(qs, qi, zc) depends
on the spatial collection modes. The first exponential term is due to the propagation of
the photons through the crystal. The cardinal sine term originates from the phase matching,
where∆kz = kpz−ksz−kiz is the longitudinal wave-vector mismatch. The second exponential
term captures the effect of the collection lens and is especially interesting with respect to
explaining the time delay. It connects the distance between non-linear crystal and collection
lens d with the transverse momenta qs and qi for signal and idler. This is the first ingredient
to the explanation of the time delay shift. The second ingredient is the non-linear relationship
between transverse momenta and the frequency of signal and idler. Indeed, it has been shown
[103, 107], that Ω and |q|2 are linearly related, when the photons propagate along one of the
crystal axes, as in our case. We show this relationship for a simulated wave function in figure
3.2. Numerical calculations show that without spatio temporal correlations of this form, no
such time delay can be observed.

Combining both ingredients leads to a time delay, because the exponential from the
collection lens effect now connects distance d with the frequency difference of signal and
idler. After the integration over Ω the exponential depends on the time delay τ relative to the
distance between crystal and collection lens d. In a simplified model, equation 3.3 reduces to

Rcoinc(τ) ∝∼
2π
DL

rect

(
1

DL

(
τ − D

L
2

)) ���� ∫ dq exp

(
−i |q|2

nDkair(0)
(τ − τ0)

)
g(q)

����2 , (3.4)

where D =
(
∂ks
∂Ω − ∂ki

∂Ω

)
and g(q) is collection of terms depending only on the transverse

momentum. We see that the important exponential depends on τ0, which in turn depends on
the distance between crystal and collection lens and is thus responsible for the time delay. The
average time delay increases, when d is reduced. A detailed derivation is given in reference
[106, 107].

3.4 Measuring small time delays

Amodern silicon avalanche diode has a timing resolution of a few tens of picoseconds to a few
nanoseconds, depending on quality, as well as desired wavelength and quantum efficiency.
This resolution is large compared to the maximum delay a pair can acquire over the length of
a typical SPDC crystal of a few mm. In our case, the ppKTP crystal has a length of 15 mm,
which corresponds to a maximum delay of 5.3 ps. To measure any shift of the average time
delay within this interval, a resolution below 1 ps is necessary.

Hong, Ou andMandel demonstrated in their seminal paper [41], how to use the two photon
interference to translate a time measurement into a length measurement, by varying the path
length of one of the two photons before overlapping them. We have used this approach in
section 3.1, showing that the necessary path length difference changes with the positioning of
the SPDC crystal, which in turn signals a change in the time delay. In addition, we also show
that it is indeed possible to measure the time delay directly, using modern avalanche photo
diodes. This enables us to test the effect under different experimental conditions. Figure
3.3 shows the basic structure of our experiment for both types of measurements. The pump
beam of 404 nm wavelength is focused into the ppKTP crystal. The crystal can be displaced
along the pump beam axis by a computer controlled stage. The down-converted photon pairs
are collected by another lens and then separated from the pump beam by a longpass filter. A
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Figure 3.3: Experimental setup for time delay measurements in dependence on the longi-
tudinal position of the down-conversion crystal with respect to the collimation lens. The
pump beam is focused into the SPDC crystal and the down-converted photons are collimated
by another lens. A longpass filter rejects the pump beam and then the pair of orthogonally
polarised photons is split by a polarising beam-splitter and coupled into fibres. We subse-
quently employ two different measurement schemes that are not shown in this schematic.
The photons are either directly detected by avalanche photo diodes and their arrival time
difference measured, or their delay is measured via a Hong-Ou-Mandel interference on an
additional fibre based beam-splitter, before the detectors. For this Hong-Ou-Mandel type
measurement, one of the fibre-couplers can be displaced along the beam axis.

polarising beam splitter then sends signal and idler photons along different paths. From here
on, the two measurement techniques diverge.

3.4.1 Hong-Ou-Mandel based approach
Measuring a length is much easier than measuring the corresponding time interval for photon
delays on the order of a few picoseconds. Our initial measurement thus employed a standard
Hong-Ou-Mandel interferometer to measure changes in the time delay distribution between
signal and idler photons when displacing the down-conversion crystal. After the pair has been
split, each photon is coupled to a single mode fibre and they are then overlapped again on a
fibre beam splitter. One of the incouplers is mounted on a movable stage, which allows us
to control the relative path length from the polarising beam splitter to the fibre beam splitter.
Coincidence events between the two output ports are registered with avalanche photo diodes
connected to a time to amplitude converter. If the path-length difference exactly compensates
the inherent time delay of the photons, a reduction of the coincidence count rate is observed
(cf. section 2.3). By recording the necessary path-length difference to compensate the time
delay as a function of the SPDC crystal position, we can observe the behaviour of the temporal
correlations. Additionally, the shape of the interference dip offers insight into the spectrum
of the photon pair. However, this measurement scheme can only be used with single mode
fibres and thus keeps us from measuring the time delay in other detection situations. We
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address this shortcoming in the following with a direct time delay measurement, where we
can use arbitrary detection modes.

3.4.2 Direct time delay measurement
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Figure 3.4: Example histogram showing the distribution of arrival time differences between
signal and idler photons. Black circles indicate counted number of photons and the blue line
shows the fit to the data, from which the peak position is extracted. The width of the peak is
dominated by the timing jitter of the APDs. Due to slight electrical differences between the
two counting channels there is always an offset in the time difference and only relative changes
are important. The absolute time difference between signal and idler can be measured by
exchanging them in the detection channels with a half wave-plate. The integration time for
the shown histogram was 52 s. One time bin is 4 ps wide. Indicated as a grey stripe is the
temporal width over which the time delay of a photon pair from our crystal could theoretically
vary.

To allow for the measurement of different detection modes we also implement a direct
time measurement. In this case, we remove the fibre-beam splitter. Instead, we either
attach single photon counters directly to the single mode fibres or remove the fibre coupling
altogether and use free space detectors to capture a much larger fraction of the photon pairs.
The connected time to amplitude conversion electronics (see appendix A for details on the
coincidence detection system) builds a histogram of recorded delay times. The challenge of
this approach is captured in figure 3.4, where we show such a histogram. The black circles
depict data points, the blue line is a fit to the histogram peak and the grey stripe indicates the
maximum interval of time delays that could potentially be acquired in our length of non-linear
crystal. The width of the histogram is purely due to the timing jitter of the APDs and the
counting electronics. We are thus trying to measure time delay shifts that are much smaller
than 5.3 ps with a distribution that itself has a full width at half maximum of 46 ps, while
each bin is already 4 ps wide.

We are able to measure such small changes with an error significantly smaller than the
bin width, by repeatedly integrating over several minutes, fitting a double Gaussian function
to each histogram peak and extracting its peak position. This approach is only limited
by the available signal to noise ratio and the stability of the coincidence counting system.
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Guaranteeing this degree of stability is challenging. A typical measurement cycle consists of
the acquisition of multiple histogram recordings at several different SPDC crystal positions.
To counteract slow drifts of the electronics, the whole cycle is automatised and programmed
to take reference measurements after each single measurement. We can thus detect and
correct for potential drifts of the counting electronics. Appendix A discusses the coincidence
detection system and its stability in more detail.

3.5 Results
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Figure 3.5: Time delay between signal and idler as a function of the down-conversion
crystal position along the pump beam. (a) With detection after incoupling into single mode
fibres, (b) with free-space detection after a 2.5 nmwide bandpass filter and (c) with free-space
detection after a longpass filter. The blue line shows the theory prediction for the experimental
parameters, which are: (a) pump beam waist w = 12.9 µm, crystal temperature T = 59 °C,
detection waist w f = 18 µm, (b) w = 11.4 µm, T = 58 °C, l = 40 µm, (c) w = 11.4 µm,
T = 60 °C, l = 40 µm. l denotes the side length of the quadratic free-space detection area.
The error bars span one standard deviation, assuming Poissonian photon statistics.

The findings reported in section 3.1 are confirmed by the direct time delay measurements
shown in figure 3.5. Now, we are able to compare different experimental situations and
detection settings. Figure 3.5 (a) shows the dependence of the average time delay on the
crystal position in the case of single mode fibre coupled detection. Figure 3.5 (b) and (c)
present the same for free space detection with spectral filtering and without spectral filtering
respectively. The experimental results agree verywell with the theoretical prediction shown as
solid blue curves. These theoretical calculations are based on equation (3.3) and only include
one adjustable parameter, which is the detection mode diameter, or in the case of free space
detection, the detector area. All other parameters are fixed by the experimental conditions.
Leaving the mode diameter free to adjust, allows us to compensate for an imperfect imaging
system. The range of time delays shown, corresponds to the maximum delay a pair of
orthogonally polarised photons could acquire when traveling through the whole length of
crystal. The reason for the time delay not reaching these maximal positions, lies in the fact
that our measurement captures the average time delay for a specific setting. The temporal
wave function extends over the full range from 0 ps to 5.3 ps and we measure its average.
When the whole delay distribution shifts towards the edge of possible values, naturally, the
tail to the other side becomes more and more important for the average.
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Figure 3.6: (a) Time delay between signal and idler as a function of the collection lens
z-position in free space detection without a filter. The crystal is centred. The error bars span
one standard deviation, assuming Poissonian photon statistics. Here, the origin of both axis
is without meaning. (b) The coincidence count rate quickly diminishes, once the pump focus
lies outside the non-linear crystal, even for free-space detection. The black dots show the
experimental data, which was acquired alongside the data presented in figure 3.5 and the blue
curve depicts the simulation results, for the same parameters as in that figure as well. The
grey stripe indicates the length of the crystal of 15 mm.

Very similar curves can be obtained when scanning the collection lens position, since the
effect depends on the distance between crystal and collection lens (cf. equation 3.3). See
figure 3.6 (a) for an example scan with the collection lens in free-space detection. We have
concentrated on the crystal displacement, since this case is more relevant in practice.

It is surprising that such unequal detection configurations result in very similar behaviour.
When coupling the pairs to single mode fibres, many photons of the down-converted field
are rejected and the selective nature of the detection is very clear. In the case of free space
detection, on the contrary, almost all photons are collected and measured. Nevertheless,
photons are lost also in this case, which leads to a comparably strong effect.

In addition to the robustness regarding the spatial detection, also spectral filtering only
marginally influences the effect. Spectral filtering is a widely used technique to improve
the indistinguishability of the photons for quantum interference and also to reduce spatio-
temporal correlations. By comparing figures 3.5 (b) and (c) we see that in our case, a 2.5 nm
wide bandpass filter is not enough to sufficiently suppress the spatio-temporal correlations
and to inhibit the time delay shift.

Key to understanding the effect of time delay shifts is the observation that not all photons
are collected, even for free-space detection. Together with the spatio-temporal correlations,
this leads to changes in the temporal distribution. The single count rate we show in figure 3.6
(b) demonstrates the selective detection even for the free space case. The data is based on the
same measurement and simulation as for figure 3.5 (b). The singles count rate depends on
the crystal position and drops quickly, once the pump focus is outside of the crystal. Again,
the agreement with the simulation is very good.
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3.6 Discussion
We have demonstrated a surprising dependence of the average time delay between signal and
idler photons (of type II SPDC) on the position of the non-linear crystal. Using different
measurement techniques, we were able to accurately measure the shift. We have shown that
the change in the average time delay is due to spatio-temporal correlations and their interplay
with selective detection. If all photons produced through SPDC could be collected and
measured, the temporal wave function would be rectangular with equal contributions of all
possible delays. For realistic interference experiments based on type II SPDC, especially with
long non-linear crystals, this effect is of importance. Particularly in cases where the down-
converted photons are not split and arrive at the beam splitter together [40, 108]. Usually,
this requires birefringent materials to compensate the time delay [34, 109]. Additionally, this
effect provides a novel way to influence the temporal correlations of the wave function. It is,
however, important to note, that the time delay induced by a shift of the crystal is different
from the delay shift of a path length difference. The latter maintains the shape of the temporal
wave function, whereas the crystal displacement deforms the wave function.

Both of our detection schemes are unable to resolve the temporal structure of the wave
function and allow us to measure the average time delay only. The interference based
approach can inherently return only one quantity, namely the dip minimum position and the
direct measurement approach is already at the very limit of its resolution with only the average
delay. It would, however, be very interesting to learn more about the actual structure of the
temporal correlations. This becomes possible with the method described in the following
chapter, where we use a generalisedHong-Ou-Mandel interference to reconstruct the complex
spectral wave function of the photon pair, which includes the full knowledge of the temporal
part of the wave function.
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Measuring the SPDC Wave Function

Photon pairs from SPDC are a widely used resource for photonic quantum technologies. They
are relatively easy to create in large numbers and can be modified to suit different purposes.
Correlations can be engineered in and between different degrees of freedom. However,
measuring their wave function and directly checking their state is technically challenging.
As we have seen in the last chapter, the temporal characteristics of SPDC photon pairs can
not be measured directly. We present a novel technique to reconstruct the complex spectral
wave function of a two photon state produced by type II SPDC. This enables us to reconstruct
the spectrum and the delay time distribution to a precision not achievable with current direct
methods. Furthermore, the measurements show that we can control the temporal wave
function, even beyond the capabilities presented in the previous chapter.

The first section 4.1 introduces the general idea and compares it to related schemes. The
next section 4.2 briefly discusses the formulas and links between the data to be measured and
the reconstructed wave function. How this data is acquired experimentally from an SPDC
source is detailed in section 4.3. Following that, we present in section 4.4 three examples of
reconstructed wave functions with very different properties. The chapter concludes with a
discussion of this reconstruction technique and its potential applications (section 4.5).
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4.1 Wave function reconstruction
In section 2.1 of the introduction, we have discussed wave functions as a means to fully
describe pure quantum states. In the following, we demonstrate a novel reconstruction
method of the complex spectral wave function for photon pairs created in type II spontaneous
parametric down-conversion, making use of generalised Hong-Ou-Mandel interference. Due
to their versatility and high production rates, SPDC pairs are widely used for quantum
information experiments and beyond. To gain insights into the wave function and possibly
use this knowledge to further adapt the SPDC pairs to the task at hand, considerable efforts
have been undertaken to measure or reconstruct their wave function.

An early experiment aimed at measuring the two-photon temporal shape via the Hong-
Ou-Mandel interference was performed by Sergienko and coworkers [110]. Other partial
measurements of the wavefunction have been explored for the joint temporal density by
femtosecond up-conversion [57] or for the spectral density with monochromators [35, 111,
112]. Full information about the spectral temporal wavefunction can be acquired by reversing
the SPDCprocess via sum frequency generation [113–115]. This, however, requires very high
non-linearities for the inversion and high count rates from the SPDC source. Other schemes
are based on interference with short reference pulses to map the temporal density matrix of
the two-photon states [116] or also the full wave function [117, 118]. These methods require
a significant experimental effort and high stability.

If the spectrum of the biphoton is sufficiently narrow-band, much more narrow than in our
case, direct time delaymeasurements are feasible with the nanosecond resolution of nowadays
APDs. This has been demonstrated by Chen and coworkers [119]. They were able to add
phase information from a tomography style measurement. One approach to reconstruct the
spatialWigner function was proposed by Douce and coworkers [120] using Hong-Ou-Mandel
interference.

An advantage of our setup is the ability to not only measure the wave function, but to also
influence it. We show that it is possible to shape the wave function, by a suitable selection of
the detection mode. Other groups have demonstrated shaping of the temporal wave function
via the modulation of the pump beam in four-wave mixing in cold atoms [113, 121].

4.2 Theory of the reconstruction scheme
At the centre of our reconstruction scheme lies the Hong-Ou-Mandel interference. In an
intuitive picture, the strength of the interference is an indicator for the overlap of the temporal
and the spectral shapes of the two photons. By shifting the wave function not only in time
but also in frequency, while observing the strength of the interference, we can extract enough
information to reconstruct the complex spectral wave function. The shift in time can be
introduced with a path length difference and allows us to gain information about the Fourier
transform of the modulus of the spectrum. Changing the temperature of the SPDC crystal
leads to a shift in frequency, giving us direct insight into the spectral part of the wave function.
Shifting the relative time delay between the two photons was central to our experiment in
the previous chapter and has already been used in the original experiment of Hong, Ou and
Mandel [41]. Analogously, it is possible to displace the spectra of both photons with respect
to each other by changing the temperature of the non-linear crystal. We now present a brief
introduction to the relevant quantities and formulas of our reconstruction method. Details of
the derivation can be found in reference [122].
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The full wave function of the photon pair after its creation is a function of several variables
and parameters:

Φfull
T,ωp

(
qs, qi, ωs, ωi

)
. (4.1)

It depends on the transverse momenta qs and qi of signal and idler and their frequencies ωs
and ωi. Furthermore, it is determined by specifics of the phase matching in the crystal, of
which the crystal temperature T and the pump frequency ωp are of interest to us. The method
presented here reconstructs the complex spectral part of the wave function after arbitrary
detection modes Gs(qs) and Gi(qi) have been chosen:

Φ
spectral
T,ωp

(ωs, ωi) =
∫ ∫

dqs dqi Φ
full
T,ωp

(
qs, qi, ωs, ωi

)
G∗s (qs)G∗i (qi) . (4.2)

The situation is simplified by the fact, that we can safely assume a monochromatic pump,
which fixes the relationship ωp = ωs + ωi and allows us to write ωs = ωp/2 − Ω and
ωi = ωp/2 + Ω. We are thus left with a complex function of one variable that we would
like to reconstruct. The approximation of monochromaticity is of course only useful for
continuous wave pumping, which is the case in our experiment. However, an extension of
this scheme could also be applied to pulsed pump operation.

To gain information about Φspectral
T,ωp

, we send signal and idler photons on a beam splitter
and observe the coincidence rate. This Hong-Ou-Mandel interference provides information
about the overlap of both photons in time and in wavelength, which we use to reconstruct the
full spectral wave function. The normalised coincidence rate

Rcoinc(∆S,T, ωp) ∝ t4 + r4 − 2r2t2Re
[

f
(
∆S,T, ωp

) ]
, (4.3)

depends on the length difference between signal and idler paths ∆S, the temperature of
the down-conversion crystal T and the pump frequency ωp. Furthermore, t and r are the
transmission and reflection coefficients of the beam splitter and f

(
∆S,T, ωp

)
is the overlap

function:
f
(
∆S,T, ωp

) ≡ ∫
dΩ Φ

(
Ω,T, ωp

)
Φ∗

(−Ω,T, ωp
)

e2i∆SΩ/c . (4.4)

The fact that the wavefunction only appears in symmetric form complicates its reconstruction.
We call

F
(
Ω,T, ωp

)
:= Φ

(
Ω,T, ωp

)
Φ∗

(−Ω,T, ωp
)

(4.5)

the symmetrised wavefunction. It is related to the overlap function by a Fourier transform,
as can be seen from equation 4.4:

F
(
Ω,T, ωp

)
=

1
cπ

∫
d∆S f

(
∆S,T, ωp

)
e−2i∆SΩ/c . (4.6)

We obtain the overlap function f
(
∆S,T, ωp

)
from the measured coincidence rate Rcoinc by

inverting equation 4.3 and using the fact that f
(
∆S,T, ωp

)
is real:

f
(
∆S,T, ωp

)
=

(
1

2r2t2

(
t4 + r4 − Rcoinc(∆S,T, ωp)

))
. (4.7)

A Taylor series expansion of the wavefunction now reveals how the wavefunction can be
constructed from knowledge of F

(
Ω,T, ωp

)
[122].

To summarise, the overlap function f
(
∆S,T, ωp

)
can be obtained from the coincidence
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Figure 4.1: Experimental setup for the measurement of two-dimensional Hong-Ou-Mandel
dips in the coincidence count rate. The two variables are the down-conversion crystal
temperature, which controls the spectral shift and the position of one of the fibre in-couplers.
The pump beam is focused into the SPDC crystal and the down-converted photons are
collimated by another lens. For some of the measurements, a q-plate is employed to select
higher order spatial modes for the in-coupling into the single mode fibres later on. A longpass
filter rejects the pump beam and after that the orthogonally polarised photons of a pair are
split by a polarising beam-splitter and coupled into fibres. They re-combine on a fibre-beam
splitter, where the Hong-Ou-Mandel interference takes place. Coincidences are counted with
fibre-coupled single photon detectors and a subsequent time to amplitude converter.

rate via elementary transformations. Then, a Fourier transform with respect to the path
length difference yields the complex function F

(
Ω,T, ωp

)
. And finally, the wave function is

obtained as a slice of this complex function.
Knowledge of the full complex spectral wave function allows us to calculate the spectrum

of the down-converted photons and the time delay distribution between signal and idler
photons. The first is just the absolute square of the complex spectral wave function and the
latter is the absolute square value of its Fourier transform.

4.3 Experimental realisation of two-dimensional Hong-Ou-
Mandel measurements

The measurement data to perform an actual reconstruction of the wave function is rather
straight forward to obtain. A scan in two dimensions, the path length difference and the
temperature of the non-linear crystal is required, while recording the resulting coincidence
rate. Figure 4.1 shows the setup used for our type II, collinear SPDC source (see section
2.2 for details on the source). After the down-converted photons have been collimated and
the pump removed, signal and idler photons are separated by a polarising beam-splitter,
coupled into single mode fibres and then overlapped again on a fibre beam splitter, where the
Hong-Ou-Mandel interference takes place. Single photon detectors connected to a time to



4.3 Experimental realisation of two-dimensional Hong-Ou-Mandel measurements 37

amplitude converter record the number of coincidences. The temperature of the non-linear
crystal is kept constant with a proportional-integral-derivative controller and the set-point
can be changed by the measurement software. Fluctuations of the temperature remain within
±20 mK. The pathlength difference is changed via the distance of one of the fibre-couplers
from the beam splitter. The incoupler is fixed on a motorised stage, with a precision much
higher than the step width and is controlled by the measurement software as well. Because
the coincidence counting system is also integrated into the software, we can perform a full
two-dimensional surface scan automatically.

idler
photon

s = −1

signal
photon

s = +1

l = −1
l = 0
l = +1

l = +1
l = 0
l = −1

q-plate

l = 0
l = +1
l = +2

l = 0
l = −1
l = −2

Figure 4.2: Overview of possible orbital angular momentum combinations of the SPDC pair
and how they are transformed by a q-plate (q = 0.5). Signal and idler photons are left and
right circularly polarised after a quarter wave plate. The conservation of orbital angular
momentum in the down-conversion process requires the sum of signal and idler azimuthal
index to be zero. The lowest three possible combinations are shown, colours indicate the
affiliation with a specific pair. The q-plate adds or subtracts, depending on the polarisation,
one quantum of orbital angular momentum. After the transformation only one pair is in a
Gaussian state and can be coupled to a single mode fibre. All other pairs are rejected.

One experimental challenge is to change the detection mode. We use two different
settings, to demonstrate the dependence of the spectral wavefunction on the detection mode.
The first one is simply the Gaussian mode defined by the coupling to the single mode fibres
and the second one is a mode carrying orbital angular momentum. The down-converted field
usually contains contributions of higher order Laguerre-Gaussian modes [59, 123], unless
the pump beamwaist is specifically chosen. The wave function is in a superposition of modes

|Ψ〉 =
l=∞∑

l=−∞
cl |l〉s |−l〉i , (4.8)

where signal and idler always carry the opposite orbital angular momentum. This is due
to the conservation of orbital angular momentum in SPDC [68] and the pump beam, in our
case, not carrying any. Towards higher azimuthal indices the coefficients cl vanish, due to
the decreasing overlap with the pump mode [124]. We select l = ±1 Laguerre-Gaussian
modes for detection, by transforming them into Gaussian states with a q-plate (see section
2.5 for an introduction) and the originally Gaussian to Laguerre-Gaussian states. See figure
4.2 for a schematic depiction. This scheme allows us to selectively detect only the part
of the down-converted field carrying one quantum of orbital angular momentum with high
efficiency and to keep every other aspect of the experiment the same.
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Figure 4.3: Example of a coincidence surface before (a) and after (b) correction and normal-
isation. The small graph below (a) shows the correction scan in the path length difference
dimension, where the time delay is far offset by moving the usually fixed incoupler far enough
to be outside of the interference region. The coincidence rate variation due to changes in
the fibre coupling due to the movement of the incoupler can be compensated for with this
scan. The graph to the right shows the average coincidence rate in the red hatched stripe,
as a function of the crystal temperature. Each point in this region is also outside of the
interference region and should thus – under ideal conditions – result in the same coincidence
rate. Deviations must then be due to noise or drifts. Every scan at fixed temperature is
normalised by the corresponding value from this graph.

Another experimental challenge is the overall stability of the measurement. The scans
we present in the next section (4.4) consist of approximately 80 × 100 single measurement
points in the pathlength and temperature directions. The measurement time for such a scan
can be quite long, in our experiments, on the order of a few hours. We have identified two
main instabilities that threaten the reconstruction. In figure 4.3 we use an example surface
scan to illustrate the stability issues and our counter-measures. The first issue is a fluctuation
of the measured coincidence rate with the displacement of the incoupler due to varying
coupling efficiency. This can easily be seen in figure 4.3 (a) as a structure in the time delay
direction (for example at ∆s ≈ 0.7 mm) and running through the whole surface, independent
of temperature. The effect is fortunately very reproducible and we correct for it with an
additional scan of the incoupler at fixed temperature, but with the other incoupler displaced
far enough to be outside of the dip region. This scan is shown in the lower graph of figure 4.3
(a). It reproduces the fluctuations in a regime where there is no influence on the coincidence
count rate other than the varying incoupling efficiency. We use this reference to correct
every path-length scan of the original data. The other contribution to instability is a slow
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drift of the overall count rate with time. This is also easily discernible in figure 4.3 (a) as a
continuous decrease of the coincidence count rate from the start of the measurement at low
temperature to the end at high temperature. By scanning first in the pathlength dimension
and then changing the crystal temperature step by step, we can correct for such a slow drift
after the measurement. Again, data points outside the dip region serve as a reference, since
they should all be equal. In contrast to the fluctuation in path length difference, this data is
produced as part of the scan, if the scan region is wide enough. By averaging over a few of
those data points, we can normalise lines of constant temperature. In the graph to the right
side of figure 4.3 (a) we show these average values as a function of the temperature. Figure
4.3 (b) then shows the resulting surface after these two corrections. The Hong-Ou-Mandel
dip is very well visible and nearly all structure of the surface is due to the interference.

In addition to the surface measurement as an input to the reconstruction algorithm, we
also measure the spectrum directly. This allows us to compare measured and reconstructed
spectra. We remove the fibre beam splitter (cf. schema 4.1) and insert a monochromator into
one of the two detection arms. Counting coincidences at different wavelengths, a spectrum is
acquired. To avoid drifts, we perform the spectral measurement directly after the surface scan.
Even though the temporal distribution can not be accessed directly, our method provides an
equivalent measurement, which we subsequently compare with theoretical predictions in the
next chapter.

4.4 Measurements and reconstructions

To test our reconstruction scheme and to demonstrate the influence of outside parameters,
we present three different cases that lead to distinctly different wave functions of the photon
pairs. The first case is based on a standard type II down-conversion setup and Gaussian
detection modes. For the second case, we choose a displaced non-linear crystal situation.
This connects to the investigation of the previous chapter and allows us to study the shift
of the time delay distribution directly and not only via the average time delay. As a third
case, we change the detection modes from Gaussian to Laguerre-Gaussian, with a centred
crystal. This drastically changes the wave function and exemplifies the possibility to shape
the temporal wave function.

4.4.1 Standard conditions wavefunction

In figure 4.4 (a) we present the first two-dimensional Hong-Ou-Mandel surface measurement
as a function of the path length difference and the non-linear crystal temperature. Both axes
have a physically meaningful origin. The temperature is given relative to the temperature
where the down-converted photons are collinear and degenerate. This is also the temperature
at which the reconstructed wave function is valid. The pathlength zero corresponds to equally
long interferometer arms (from the polarising beam splitter to the fibre beam splitter) for both
signal and idler photons. We can determine this specific position by measuring a path-length
dip as usual and one with exchanged signal and idler photons. The absolute zero position is
exactly in the middle between the two resulting Hong-Ou-Mandel dips.

In the previous chapter 3 we established that the time delay distribution of the photon pair
lies strictly within the interval [0 ps, 5.3 ps], which corresponds to a path length difference
between 0 mm and 1.6 mm. Outside of this interval, there should be no overlap between
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Figure 4.4: (a) Surface of the coincidence rate as a function of crystal temperature and path-
length difference between the two interferometer arms. (b) Complex spectral wavefunction
reconstructed from the experimental data shown in (a). The collinear degenerate temperature
is 59 °C.

signal and idler whatsoever and the surface is thus completely flat. Indeed, this is what we
observe in figure 4.4 (a).

Applying the reconstruction to the surface data yields the complex spectral wave function
shown in figure 4.4 (b). We can use the information contained in thewave function to calculate
two interesting functions: the spectrum and the time-delay distribution. We present them in
figure 4.5 (a) and (b) respectively. The blue solid curves indicate the function reconstructed
from the interferencemeasurement. In figure 4.5 (a), the grey dots show a direct measurement
of the spectrum using a monochromator. The resolution of the monochromator is not high
enough to resolve all features and to reproduce the very steep flank, however, the agreement
is very good. We compare the time delay distribution to the simulated result (grey dashed
line), which is based on the experimental parameters. Examining the delay distribution very
closely, we see that indeed the distribution is confined to the interval [0 ps, 5.3 ps] and zero
outside of it. We also notice that the distribution is not perfectly centred within this interval,
which leads us to suspect, that the crystal was actually not perfectly centred with respect to
the pump focus.

4.4.2 Time delay test
For the next test of our reconstruction method, we displace the crystal away from the pump
focus position. We show the resulting coincidence count surface in figure 4.6 (a). The initially
symmetric dip, is now squished to one side of the interval of possible delay times, yet the
overall visibility is unchanged from the symmetric case (cf. figure 4.4 (a)). The reconstructed
spectrum (figure 4.6 (b)) is slightly broader, which is also found in the directly measured
spectrum. The most striking difference to the previous test case is the shift of the delay
time distribution to large values close to the edge of 5.3 ps (shown as vertical red line). This
confirms our findings of the previous chapter. Again the agreement between the reconstructed
distribution and the simulated result is excellent, underscoring the robustness of our scheme.
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Figure 4.5: The solid blue lines show the spectrum (a) and the time delay distribution (b)
calculated from the spectral wavefunction presented in figure 4.4 (b). The grey datapoints of
(a) are a direct measurement of the spectrum. The grey dashed line of (b) is the simulated
delay curve. The simulation results shown here and in the next two figures have been created
by Nora Tischler.

Obviously, the two-dimensional scan result is not free from noise and some artifacts of
varying incoupler efficiency remain. Nevertheless, the reconstructed wave function is very
close to the simulated results.

4.4.3 Higher order modes

As a last test of the reconstruction scheme, but also to demonstrate the influence of the
detection mode on the wave function, we present a measurement based on a Laguerre-
Gaussian detection mode carrying one quantum of orbital angular momentum. See figure
4.7 (a) for the surprisingly different coincidence surface. Instead of a dip in the centre of
the structure, we find a peak well above the average normalised coincidence rate of 0.5. The
fact that the structure is now found at negative path length difference is due to the helicity
flip imposed by the q-plate, that exchanges signal and idler. Again, we observe a very clear
boundary between inside the dip region and outside (below −1.6 mm), where there is no
overlap between signal and idler photons anymore at all.

Figure 4.7 (b) shows the reconstructed spectrum together with the directly measured one.
Due to the finite resolution of the monochromator of about 1 nm we are unable to fully
reproduce the intricate fine structure of the spectrum. It is however, confirmed by the sim-
ulations and a convolution of a Gaussian response function with the reconstructed spectrum
(cf. figure 4.8) shows that these features are indeed not resolvable for our monochromator.
The reconstructed time delay distribution shown in figure 4.7 (c) exhibits an exciting feature.
Delay times corresponding to half the crystal length seem to be suppressed, in stark contrast
to the distributions observed for Gaussian detection modes. The agreement between the
reconstructed and the simulated distribution is less good than it was in the previous test cases,
possibly due to additional noise introduced by the q-plate. However, its surprising feature is
well reproduced nonetheless.
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Figure 4.6: (a) Surface of the coincidence rate as a function of crystal temperature and
pathlength difference between the two interferometer arms. Here the SPDC crystal is shifted
by 3 mm relative to the central position shown in figure 4.4 and away from the incident pump
beam. The degenerate collinear temperature is 61 °C. (b) Reconstructed spectrum (solid blue
line) together with the directly measured spectrum (grey dots). (c) Reconstructed time delay
distribution (solid blue line) together with the simulated distribution (grey dashed line). The
vertical red line indicates the end of the delay time interval, as defined by the length of the
non-linear crystal and the group velocity difference between signal and idler photons.

4.5 Discussion

We have seen in the preceding section that our reconstruction method is relatively simple,
yet effective and robust. It provides a valuable access path to quantities that would be very
difficult, if not impossible, to measure directly. In this last section, we discuss its limitations
and possible applications.

Our method is applicable to collinear and non-collinear type II down-conversion, but not
to type I SPDC since the group velocities of both photons are the same in that case. It is
also important to note, that any changes made to the wave function after its creation, will
not be captured correctly by the reconstruction. This again, is because the wavelength shift
is crucial and it happens during the SPDC process. However, tuning the temperature of the
non-linear crystal is not the only way to displace the spectra of signal and idler photons.
The same scheme can also be based on scanning the pump frequency instead of the crystal
temperature, which has exactly the same effect.

We have seen in the results that the reconstruction reveals features otherwise unobservable.
And that is true both for the spectrum, where a direct measurement is limited by a finite
resolution of any spectrometer, as well as for the time delay distribution, which would
entirely be unobservable with the time resolution of current single photon detectors. But,
not only does our method allow insights into the wave function, we can also use it to
manipulate aspects of the wave function in a targeted fashion. This becomes most apparent
with the Laguerre-Gaussian detection mode and its impact on the time delay distribution.
The specific shape of the distribution could for example be used to create time bin entangled
photon pairs [125], by shifting the middle dip to zero delay. This would lead to a state of
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Figure 4.7: (a) Surface of the coincidence rate as a function of crystal temperature and
pathlength difference between the two interferometer arms. Here, with a centred SPDC
crystal again, but selecting photons carrying one quantum of orbital angular momentum.
The degenerate collinear temperature is 58.7 °C. (b) Reconstructed spectrum (solid blue
line) together with the directly measured spectrum (grey dots). (c) Reconstructed time delay
distribution (solid blue line) together with the simulated distribution (grey dashed line).

the form |φ〉 = 1√
2

(
|τ〉1 |−τ〉2 + eiφ |−τ〉1 |τ〉2

)
with a negligible contribution of time shift

τ terms close to zero. Such states are an active area of research [126] and can be used to
efficiently distribute entanglement through photonic fibre networks [127].

It would be very interesting – as an extension of our work – to study other exotic detection
modes, but also to investigate the influence of different spatial pump modes on the spectral
wave function and especially the time delay distribution.
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Figure 4.8: Convolution (solid blue curve) of an estimated response function of themonochro-
mator with the reconstructed spectrum (grey dashed curve). We assume a Gaussian response
function with a full width at half maximum of 1 nm.



5
Two-Photon Interactions with

Nanoapertures

In the previous chapters, we have presented tools and techniques to control two-photon
quantum states in many of their degrees of freedom. We now want to put these to use, in
an attempt to create a tailored state that interacts in a surprising and non-trivial way with
a plasmonic nano-structure. The structure is a sub-wavelength aperture in a thin gold film,
which is known to lead to a helicity flip for some of the transmitted photons (see section
2.6). This helicity flip alters the state of transmitted photons or photon pairs. However, we
show that by using a two-photon state, specifically engineered for this interaction, the state
can be protected. The reason for this can be understood from the perspective of quantum
interference which leads to destructive interference of the changed amplitudes. It can also
be understood from a symmetry argument that takes into account the rotational and mirror
symmetries of the nanoaperture and the two-photon state.

The impact of this demonstration we believe, is two-fold. First, the control over the
quantum photonic state and its interaction with a structure smaller than the wavelength
of light, is a big step in bringing quantum information technologies and nano-photonics
together. Secondly, we believe that our scheme shows that entanglement can be protected
from decoherence by taking into account the underlying symmetries and peculiarities of the
environment.

We start this chapter with an overview over other entanglement protection approaches and
possible connections to nano-photonics in section 5.1. In the next section 5.2 we introduce
the theoretical framework behind the idea for the entanglement protection. Interestingly,
the same principle can be deduced from a symmetry argument, which we explain in section
5.3. We then turn our focus to the experimental realisation of the system and the resulting
measurements in section 5.4. This section is split into several parts that discuss two different
detection schemes and the corresponding measurements, showing quantum interference and
entanglement protection. We conclude the chapter with a summary and outlook in section
5.5.
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5.1 Entanglement protection and nano-photonics

In section 1.1.2 of the introduction, we have discussed a number of quantum technologies,
like quantum computing, communication or metrology. All of them rely on quantum states
– in whatever physical system they may exist – and on the ability to maintain these states for
some time. Unfortunately, everything tends to interact with its surrounding environment and
so do quantum states. This interaction with the environment usually destroys coherence and
entanglement, which are essential for the correct functioning of many quantum protocols.
Tremendous efforts have been made to find ways to stabilise and protect these states or to
detect and correct errors at a later time.

The loss of coherence is directly tackled with approaches like weak measurement reversal
[128], decoherence free sub-spaces [129–131], dynamical decoupling [132, 133] or using
the quantum Zeno effect to suppress unwanted evolution [134]. Other schemes try to undo
damage afterwards, like error correction codes [15, 135–137] or entanglement distillation
[138–141]. We wish to extend this work on the protection of quantum entanglement and
coherence towards the nano-photonic regime, where light interacts with plasmonic structures
at length scales smaller than the wavelength of light. Using photonic qubits in conjunction
with plasmonic devices promises hybrid systems [142, 143].

It has been shown that plasmons retain many quantum mechanical properties of photons
like single photon statistics [144, 145], wave-particle duality [146] and the ability of two-
particle interference [47, 147]. Furthermore, it is possible to use plasmons as an intermediary
mode between two photon states, without losing indistinguishability [148] or entanglement
[149, 150].

In the following sections we introduce a novel scheme to protect the entanglement of a
specifically engineered two-photon state from degradation due to interactionwith a plasmonic
nanoaperture. Any light sent through this sub-wavelength aperture, strongly interacts with it.
Yet, one specific state is protected, even though it is only distinguished by a phase from a state
which completely degrades. Previous work by Altewischer and coworkers [149] has shown
that photons undergoing a transformation into plasmons and back can remain entangled with
their partner. They created pairs of entangled photons, inserted arrays of sub-wavelength
apertures into one or both paths and observed good interference visibilities in all cases,
except when focusing the beam. In contrast to their work, we subject the whole entangled
two-photon state to one interaction, that leads to strong decoherence on any arbitrary state,
except the one specifically engineered. We have thus created an entangled state that remains
unperturbed by a strong light-matter interaction and protected its entanglement. We believe
this to be a first step towards quantum technologies in the nano-photonic regime.

5.2 Quantum interference argument, explaining the entan-
glement protection

Before introducing our nano structure and the special photonic state, we will look into a
well known system that exhibits state protection of spatial modes. A standard non-polarising
beam splitter, as shown in figure 5.1 (a) with its in- and output modes, serves as the centre
for this model. Instead of sending one photon into each input of the beam splitter, as for the
Hong-Ou-Mandel effect (see section 2.3 for a detailed introduction), one can think about an
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Figure 5.1: (a) Schematic of the input and output modes of a standard beam splitter, used
for a Hong-Ou-Mandel type interference experiment. (b) In comparison a nanoaperture with
two input and two output helicity modes. Although creation operators in the sub-figures bear
the same symbol, they refer to different states. The photons in (a) are indistinguishable in all
degrees of freedom except space and in subfigure (b) the photons are indistinguishable in all
degrees of freedom except helicity.

input state that is already path entangled. Exploiting the single photon transformations:

â†1 −→
1√
2

(
b̂†1 + b̂†2

)
(5.1)

â†2 −→
1√
2

(
b̂†1 − b̂†2

)
(5.2)

we see that the specific input state

1
2

(
â†1â†1 + â†2â†2

)
−→ 1

2

(
b̂†1b̂†1 + b̂†2b̂†2

)
, (5.3)

is protected by the interaction with the beam splitter. We thus have a model system where
a specific path entangled state is preserved under the interaction with a system that usually
alters the state of arbitrary two-photon inputs. For example the input state â†1â†1 − â†2â†2 leads
to the output

(
b̂†1b̂†2

)
.

In a similar manner that a beam-splitter creates a superposition between the two output
modes, a plasmonic nanoaperture acts on the helicity of a transmitted photon. We schemat-
ically show the configuration in figure 5.1 (b). Section 2.6 gives a detailed introduction to
plasmonic nanoapertures and their helicity flip behaviour. For a single photon â†m,Λ with total
angular momentum m and helicity Λ, the nanoaperture transforms the state in the following
way:

â†m,Λ −→ αb̂†m,Λ + βb̂†m,−Λ . (5.4)

The probability for a flip of the helicity when passing through the nanoaperture depends
on the relative strengths of the coefficients α and β, which are constrained by generalised
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beam splitter relations [151] and can only be obtained from simulation or experiment for
our nanoaperture. Note that the total angular momentum is conserved, since the whole
system is cylindrically symmetric. This conservation requires a change in the orbital angular
momentum, if the helicity is flipped. The nanoaperture thus mixes two output channels,
similarly to the beam splitter with the distinction that the channels are in polarisation and not
spatial.

The fundamental idea now is to coherently add the amplitudes of the helicity output modes
from both photons. This of course is only possible, if the two output modes are the same for
both input photons. If working with Gaussian input states (no orbital angular momentum),
the output modes differ because the two input photons and with them necessarily (due to
the conservation of total angular momentum) also their output modes live in separate total
angular momentum sub-spaces:

â†−1,− −→ αb̂†−1,− + βb̂†−1,+ (5.5)

â†1,+ −→ αb̂†1,+ + βb̂†1,− . (5.6)

This can only be overcome by using input photons with the same total angular momentum.
One trivial possibility is to make the two input photons exactly equal, but this does not lead
to interesting results. We thus combine two photons with total angular momentum zero, but
opposing helicity. The transformations then read:

â†0,+ −→ αb̂†0,+ + βb̂†0,− (5.7)

â†0,− −→ αb̂†0,− + βb̂†0,+ , (5.8)

or in matrix form: (
â†0,+
â†0,−

)
−→

(
α β
β α

) (
b̂†0,+
b̂†0,−

)
. (5.9)

Now, all possible output modes lie within the same sub-space of total angular momentum
zero and will thus add coherently.

Under these constraints, there is exactly one specific state which is protected from degra-
dation in the interaction with the nanoaperture:

|Ψ−〉 =
1
2

(
â†

2

0,+ − â†
2

0,−
)
|0〉 . (5.10)

Subjecting this state to the transformations due to the aperture, we find the following output
state:

|Ψ−〉 −→
1
2

(
α2 − β2

) (
b̂†

2

0,+ − b̂†
2

0,−
)
|0〉 , (5.11)

which, apart from the normalisation, is nothing else than the input state itself. The case
α2 = β2 is impossible here, because of requirements of the generalised beam splitter relations
[151]. If, however, we change the phase between the two contributions of the state (equation
(5.10)) from a minus to a plus sign |Ψ+〉 = â†0,+â†0,+ + â†0,−â†0,−, we are left with the following
output:

|Ψ+〉 −→
1
2

(
α2 + β2

) (
b̂†

2

0,+ + b̂†
2

0,−
)
|0〉 + 2αβb̂†0,+b̂†0,− |0〉 , (5.12)

where due to the helicity flip probability we find an additional term that was not part of
the initial state. In the following we will call the first state, the minus state and the second
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one the plus state. Of course the transformation due to the nanoaperture is non-unitary,
because of losses by reflection or absorption. This means that additional to the two photon
output states considered here, there will be cases where only one photon or maybe even
no photon of a pair is transmitted through the aperture. We are, however, only interested
in the behaviour of the two-photon states and thus post-select on photon pairs in the detection.

We have now gathered all ingredients to let two photons interfere, with the help of a
plasmonic nanoaperture in away very similar to the famousHong, Ou andMandel interference
experiment on a beam-splitter. This quantum interference provides the protection of the
specific input state from the interaction with the nano-structure.

5.3 Symmetry argument explaining the entanglement pro-
tection

Instead of thinking about quantum interference as the reason for the state protection, we
can also make a symmetry argument that leads to the same prediction. The nanoaperture is
rotationally symmetric and will thus preserve (among other quantities) any mirror symmetry
of the centred and also rotationally symmetric incident beam. Within the sub-space of
two-photon states, where both photons carry no total angular momentum, there are three
states possible with well defined spin and orbital angular momentum and all other degrees of
freedom assumed to be identical for both photons. These three states are:

|Ψ0〉 = â†0,+â†0,− |0〉 (5.13)

|Ψ+〉 =
1√
2

(
â†0,+â†0,+ + â†0,−â†0,−

)
|0〉 (5.14)

|Ψ−〉 =
1√
2

(
â†0,+â†0,+ − â†0,−â†0,−

)
|0〉 . (5.15)

States |Ψ0〉 and |Ψ+〉 are mirror symmetric relative to any mirror plane containing the beam
axis, because a mirror operation only inverts the helicity and thus leaves the first two states
untouched. The third state |Ψ−〉 on the contrary acquires a minus sign under mirror inversion
and is thus mirror anti-symmetric. Coming back to the observation that the aperture must
preserve mirror symmetry, it becomes clear that it can only transform |Ψ0〉 into |Ψ+〉 and vice
versa, but the |Ψ−〉 is protected. Looking again at the transformation of these three states
obtained from the single photon transformations, we see:

|Ψ0〉 = â†0,+â†0,− |0〉 −→
(
α2 + β2

)
b̂†0,+b̂†0,− |0〉 + αβ

(
b̂†

2

0,+ + b̂†
2

0,−
)
|0〉 (5.16)

|Ψ+〉 =
1√
2

(
â†

2

0,+ + â†
2

0,−
)
|0〉 −→

(
α2 + β2

) (
b̂†

2

0,+ + b̂†
2

0,−
)
|0〉 + 4αβb̂†0,+b̂†0,− |0〉 (5.17)

|Ψ−〉 =
1√
2

(
â†

2

0,+ − â†
2

0,−
)
|0〉 −→

(
α2 − β2

) (
b̂†

2

0,+ − b̂†
2

0,−
)
|0〉 . (5.18)

Both initially puremirror symmetric states evolve into superpositions of themselves, while the
mirror anti-symmetric state is preserved. Only the minus state is protected from degradation.
Every other two-photon state in the total angular momentum zero sub-space conceivable
from these three basis states will undergo a transformation due the interaction with the
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Figure 5.2: Schematic of the experimental setup for transmission of protected quantum states
through the nanoaperture. Starting from the left, the beam of orthogonally polarised photons
passes through a birefringent delay line, a half-wave plate and a q-plate, which finishes the
state preparation. The beam is then focused onto the aperture and re-collimated afterwards.
A quarter-wave plate and a polarising beam-splitter project the output state onto the circularly
polarised basis, in which coincidences are detected with single photon detectors.

nanoaperture. An arbitrary two-photon state can be expressed as a linear combination of the
three basis states. The interaction with the nanoaperture leads to the transformations of all
terms of the state by equations 5.16 to 5.18 and any contribution of |Ψ0〉 or |Ψ+〉 in the initial
state will lead to a modified output state.

5.4 Experimental realisation and measurement results
Wewill now describe the experiment realising the scheme described in the preceding sections.
After discussing the details of the state preparation in section 5.4.1, we first focus on the
confirmation of quantum interference. We introduce a measurement scheme based on direct
correlation measurements in the helicity channels in section 5.4.2 . In section 5.4.3 we
present and discuss the measurement results of this setup. We argue that these measurements
and the detection setup in this form are not sufficient to prove that entanglement is protected
through the interaction. We tackle that in the following section 5.4.4, where we introduce a
tomography based measurement scheme, which is more difficult to implement, but allows to
reconstruct the full two-photon polarisation state. In section 5.4.5 we present and discuss the
results of these measurements, showing entanglement protection.

5.4.1 State preparation
Starting from the same collinear, type II, spontaneous parametric down-conversion source
used throughout this thesis, we have two photons with orthogonal linear polarisations avail-
able. Since we are interested in a certain spatial mode, we couple both photons into the
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same single mode fibre. After the fibre we are then left with pure Gaussian states and to
counter any perturbation of the polarisation state due to the fibre, we employ a set of wave
plates. Figure 5.2 gives an overview over the experimental apparatus following after the
fibre out-coupling. The polarisation part of the minus state appears naturally, when changing
the basis to circular polarisation (R for right and L for left circularly polarised), using the
identities |H〉 = 1√

2

(|R〉 + |L〉) and |V〉 = 1
i
√

2

( |R〉 − |L〉)
|ψ−〉 = |H〉 |V〉 =

1
2i

( |R〉 |R〉 − |L〉 |L〉) . (5.19)

Very important here is the fact that this equality is only correct, if both photons are indistin-
guishable in all other degrees of freedom. This is why we use a delay line on the linearly
polarised photons to adjust the time delay between the two photons. Control over the spectral
overlap is achieved, as in the previous chapters, by temperature tuning the down-conversion
crystal. If for any reason the photons are not indistinguishable, the statewill have the following
form

|ψdist〉 = |H〉 |V ′〉 =
1
2i

(|R〉 |R′〉 − |R〉 |L′〉 + |L〉 |R′〉 − |L〉 |L′〉) . (5.20)

where we have indicated distinguishable states by a dash. Also for the plus state both photons
need to be indistinguishable. It can then be created by simply rotating the initial linear
polarisation by 45° with a half-wave plate into the diagonal(D)/anti-diagonal(A) basis.

|ψ+〉 = |A〉 |D〉 =
1
2

(|R〉 |R〉 + |L〉 |L〉) . (5.21)

The second step in the state preparation is the change to zero total angular momentum.
Up to now both photons are in a Gaussian spatial mode with total angular momentum 1 or −1.
As detailed in section 2.5, a variety of tools exist to change the orbital angular momentum
of light. Best suited for our case is again the q-plate, because it can transfer both photons
into total angular momentum zero at the same time. Depending on the incident circular
polarisation, one quantum of orbital angular momentum is either added or subtracted.

The state is now ready to be focused tightly onto the nanoaperture. See appendix C for
details on the sample and its positioning. After the aperture a second objective collects and
collimates the transmitted light, which is then analysed.

5.4.2 Quantum interference detection scheme

This first detection scheme, is based on counting coincidences between the two circular
polarisation channels. The combination of quarter-wave plate and polarising beam splitter
after the collection objective (see figure 5.2) splits the beam into right and left circularly
polarised contributions. Both input states feature a perfect correlation in the helicity channels.
Meaning, that without the interaction with an aperture, both states - if prepared optimally -
will lead to perfect bunching. Both photons of a pair will either be transmitted or reflected
by the polarising beam splitter. By counting coincidence events with single photon detectors
in each arm, we detect this bunching as the absence of events. As a reference, we use the
coincidence rate when the two photons are delayed with respect to each other and thus the plus
or minus states (equations (5.19) and (5.21)) are not created. The state actually created when
the two photons are distinguishable (see equation (5.20)) results in a random distribution
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of photons in both detection channels and thus gives a reference coincidence count rate.
Technical details on the coincidence counting can be found in appendix A.

From our calculations in the previous section, we know that the minus state should be
able to maintain its correlation even through the interaction with the nanoaperture, whereas
the plus state should be degraded. We can thus, detect the quantum interference and the state
protection by observing how the correlations between the two helicity channels behave when
the aperture is present.

5.4.3 Measurements demonstrating quantum interference
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Figure 5.3: Normalised coincidence count rates for plus (blue) and minus (purple) states
as a function of the time delay between the two photons. (a) Without going through the
nanoaperture and (b) after transmission through the nanoaperture. At every time delay the
coincidence rate has been measured ten times and the error bars show one standard deviation
of the resulting distribution.

The observation of coincidence rate differences between plus andminus states is a straight
forward way of demonstrating the behaviour of the state under the interaction with the
nanoaperture. As discussed in the previous section 5.4.2, in the absence of the nanoaperture,
both the plus and the minus state are expected to show perfect bunching in the helicity
detection channels. In figure 5.3 (a) we show the behaviour of the coincidence rate of both
states as a function of the time delay between the two photons when no aperture is present.
To be precise, the input states are actually only equal (modulo experimental imperfections) to
plus and minus states for non-zero time delays (c.f. section 5.4.1). For increasing time delays
the input states become more and more mixed, until – far outside of the dip – bunching and
anti-bunching in the detection channels are equally likely. As expected, figure 5.3 (a) shows
strong bunching at zero time delay, indicating a high state fidelity and excellent agreement
between plus and minus states.

Sending the two-photon states now through the nanoaperture, dramatically changes the
picture, see figure 5.3 (b). Because of the strong interaction with the aperture, the plus state
has degraded completely into a mixed state not showing any appreciable bunching anymore.
The minus state, however, has largely been protected from this degradation as predicted (cf.
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section 5.2). We attribute, the reduction of the bunching as compared to the case without the
sample, to an imperfect initialisation of the phase, which mixes plus and minus states slightly.
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Figure 5.4: (a) Coincidence rates for plus (blue) and minus (purple) states as a function
of the time delay between the two photons after transmission through a nanoaperture. (b)
Coincidence rates for a number of different apertures with nominally the same diameter. The
coincidence rates have been measured at zero time delay. Every single coincidence rate has
been measured ten times and the error bars show one standard deviation of the resulting
distribution.

We now want to demonstrate that the observed behaviour is not unique to a specific
nanoaperture and robust against fabrication imperfections. In figure 5.4 (b) we show the
difference between plus and minus states for a number of individual nanoapertures. It is
sufficient to compare the coincidence rates for zero time delay, as only there the photons are
as indistinguishable as possible and thus the states optimally prepared. We observe a very
consistent spread between the degraded plus state and the protected minus state over all six
individual nanoapertures, which have been fabricated with nominally the same diameter. For
details on the sample fabrication, see appendix C.

In section 5.2, we have discussed, why the quantum interference and thus the state
protection is only possible for states with zero total angular momentum. In figure 5.5 (a)
we show that the degradation of Gaussian states (with total angular momentum 1 and −1)
through increasingly smaller nanoapertures is directly correlated to the single photon helicity
flip ratio (figure 5.5 (b)). This helicity flip ratio for single photons quantifies the ratio of
photons with an inverted helicity after the aperture to photons with unchanged helicity. It is
much larger for photons carrying orbital angular momentum than for Gaussian states [95].
This is why we need much smaller holes for the Gaussian input state to observe a degradation
of the state. All previous measurements with total angular momentum zero states used a
750 nm aperture, which resulted in a flip ratio of about 0.80 ± 0.03.

Even though the flip ratio for the Gaussian states reaches only 0.06 for the smallest
aperture, we observe a steady degradation of the transmitted state towards smaller apertures.
As expected, plus and minus states behave identically, with both of them being degraded
equally for increasing flip ratio.

The offset in the coincidence rates (cf. figure 5.5 (a)) is due to imperfect indistinguishabil-
ity, as already seen in figure 5.3 for the states carrying orbital angular momentum. Two main
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Figure 5.5: Decrease of the visibility of Gaussian plus and minus states with increasingly
smaller nanoapertures. The coincidence rates (a) are correlated to the increase of the single
photon flip ratios (b). In contrast to the states with zero total angular momentum, here, both
states experience the same degradation.

factors contribute to a remaining distinguishability even at well compensated time delay. The
first is non-ideal polarisation, both of the input state and of the detection beam-splitter. This
leads to cross-talk between the two detection channels and eventually to a finite coincidence
rate, where ideally there should be none. The second factor is an imperfect frequency overlap
of signal and idler photons.

The offset of the single photon flip ratio (cf. figure 5.5 (b)) as well is an artefact and not
expected in an ideal system, since the flip ratio must vanish in the limit of holes much larger
than the wavelength. It can also be attributed to non-ideal preparation and separation of the
polarisation.

5.4.4 Entanglement detection scheme
So far, we have shown that minus and plus states behave very differently when interacting with
the nanoaperture. However, we have only looked at their correlations in the helicity channel.
A definite statement about the protection of the state and the contained entanglement is not
yet possible. The correlations that were preserved for the minus state may be purely classical.
We will now look at tomography measurements that complement the picture gained from the
coincidence rate measurements, to show that the entanglement is indeed protected.

To achieve this, we use quantum state tomography [152] of the polarisation state. The
idea being that once we know the full polarisation state, we can calculate the entanglement
inherent in it. However, this is complicated by the fact, that the two photons become entangled
in polarisation and orbital angular momentum after passing through the q-plate. As long as
the polarisation plus or minus states (see equations 5.19 and 5.21) have not undergone the
q-plate transformation, they are entangled only in polarisation. Once the q-plate adds one
quantum of orbital angular momentum to the left circularly polarised parts and subtracts one
from the right circularly polarised ones, the state is entangled simultaneously in polarisation
and orbital angular momentum. This is an issue for the detection of entanglement, since we
are only efficiently capable of measuring the polarisation state, but not the orbital angular
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Figure 5.6: Variation of the initial experimental setup (cf. figure 5.2) for quantum state
tomography measurements. After the transmission through the nanoaperture, a second q-
plate reverses the transformation of the first one, removing the additional entanglement in
orbital angular momentum. After that a 50:50 beam-splitter separates the two photons
and a set of waveplates and linear polarisers allows correlation measurements in arbitrary
polarisation bases.

momentum part. So measuring the state in the polarisation bases only, traces out the orbital
angular momentum degree of freedom, which prevents the polarisation entanglement to
manifest itself in the reconstructed density matrix. We have to reverse the transformation
of the q-plate first, before we can perform the state tomography. We achieve this by using
a second identical q-plate after the photon pair has interacted with the nanoaperture. See
figure 5.6 for a schematic of the modified setup. Now after the second q-plate, the state is
again only entangled in polarisation and we can perform the state tomography by splitting
the two photons stochastically. We measure all 36 combinations of the six basis states,
horizontal, vertical, diagonal and anti-diagonal linear polarisation as well as, right and left
circular polarisation with a set of wave-plates and a polariser in each detection arm. 16 single
measurements would be enough, but more measurements make the scheme more robust.
Employing a maximum likelihood algorithm for the density matrix reconstruction [152], we
gain knowledge of the full polarisation state and are able to subsequently calculate different
entanglement measures.

5.4.5 Measurements demonstrating entanglement protection

In section 5.4.3 we have shown that the minus state experiences quantum interference and
shown indications that this protects the incident state from degradation that any other two
photon state is subject to. We now present polarisation state tomographies proving that the
state and its entanglement are indeed preserved through the interaction with the aperture.
The measurement is difficult due to the simultaneous use of two q-plates as described in the
previous section. Ideally, the second q-plate would fully reverse the transformation of the first
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Figure 5.7: Reconstructed density matrices ((a,c) real parts and (b,d) imaginary parts) of the
incident Laguerre-Gaussian minus (a,b) and plus (c,d) states. The element |LL〉-|RR〉 in (a)
has a height of -0.24.

one. This is not the case in our experiment, due to slight misalignments and imperfections
of the q-plates, which result in the creation of higher order transverse modes. In figure 5.7
we show the reconstructed density matrix for both states (minus and plus) when not passing
through the aperture, but using both q-plates to create the desired plus and minus states in
between. On the matrix diagonal we see predominantly the two contributions from |RR〉
and |LL〉 polarisations and off diagonal the corresponding coherence, showing that indeed
this are entangled states and not only mixed states. The small contributions from |RL〉 and
|LR〉 are due imperfect transformations of the q-plates, but we see that there is no coherence
between those. The only difference between minus and plus state is the phase between the
two terms, represented by the sign of the off-diagonal elements.

The measurement becomes even more challenging when transmitting the states through
the nanoaperture, since the available coincidence count rate drops significantly (see appendix
C for details on the positioning of the nanoaperture). In figure 5.8we present the reconstructed
polarisation states after the interaction with the nanoaperture. The different behaviour of
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Figure 5.8: Reconstructed density matrices ((a,c) real parts and (b,d) imaginary parts) of the
Laguerre-Gaussian minus (a,b) and plus (c,d) states after interaction with the nanoaperture.
The element |LL〉-|RR〉 in (a) has a height of -0.19.

minus and plus states is obvious. Where the minus state remains very similar to the state
before the interaction (cf. figure 5.7 (a,b)), with only slightly increased contributions from
mixed polarisation channels, the plus state has changed dramatically. Its coherence between
the |RR〉 and |LL〉 contributions has completely vanished, while mixed terms are as strong as
the pure |RR〉 and |LL〉 contributions. Interestingly, some coherence between the |RL〉 and
|LR〉 terms has emerged, as can be seen by the significant contribution of the |RL〉 - |LR〉
term in the real part of the minus state density matrix (cf. figure 5.8 (c)).



58 Two-Photon Interactions with Nanoapertures

no interaction interaction with aperture
|Ψ−〉 |Ψ+〉 |Ψ−〉 |Ψ+〉

concurrence 0.253 ± 0.009 0.233 ± 0.009 0.220 ± 0.048 0.020 ± 0.019
negativity 0.253 ± 0.009 0.230 ± 0.009 0.201 ± 0.044 0.017 ± 0.016

fidelity to |RR〉 + eiφ |LL〉 0.624 ± 0.004 0.603 ± 0.005 0.515 ± 0.024 0.270 ± 0.020

Table 5.1: Comparison of entanglement related quantities between minus and plus states
before and after the interaction with the nanoaperture. The concurrence is a monotone
measure of entanglement, where a completely mixed state has a concurrence of 0. The
fidelity gives the overlap to the ideal polarisation state.
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Figure 5.9: Reconstructed density matrices ((a,c) real parts and (b,d) imaginary parts) of the
Gaussian minus (a,b) and plus (c,d) states without interaction with the nanoaperture.



5.5 Discussion 59

We nowwant to quantify the changes from the initial states to the state after the interaction
with the nanoaperture. See table 5.1 for a summary of relevant quantities. The concurrence is
an entanglement measure [28, 30] related to the entanglement of formation, where a value of
zero indicates a completely mixed state and a value of one is given for a maximally entangled
state. The same is true for the negativity, which is a measure for the entanglement that can
be distilled from a given state [30]. We find that both concurrence and negativity are small
but consistent for both minus and plus state when no interaction takes place. In comparison,
we do reach a concurrence of 0.7 ± 0.02 if not transitioning to the total angular momentum
zero space. See figure 5.9 for the density matrices in that case. The loss of entanglement
if transitioning to the total angular momentum zero space is purely due to the imperfect
reversion of orbital angular momentum transfer by the second q-plate. However, both states
show initially the same degree of entanglement and most importantly, this entanglement is
fully preserved in the case of the minus state when interacting with the nanoaperture. The
entanglement of the plus state after the interaction in contrast, is reduced to virtually nothing.
A very similar picture is given by the fidelity, which measures the state overlap with an ideal
bell state. The fidelity is mostly preserved by the minus state through the interaction, whereas
the fidelity of the plus state is greatly reduced, as is also obvious from directly comparing
density matrices in figures 5.7 (c) and 5.8 (c).

5.5 Discussion
Every quantum technology relies on stable and controllable quantum states. One of the most
prominent examples is surely the quantum computer, but with smaller resource requirements
also quantum metrology or quantum cryptography need excellent control over the employed
states. Protecting these states or qubits from unwanted interactions with the environment is
a major field of research for all platforms of quantum technologies. We believe that through
smart engineering, interactions with the environment can be reduced or even inhibited. In
this chapter, we have demonstrated that entanglement carried by photonic qubits can be
protected from complete degradation by exploiting the characteristics of this interaction. The
transmission through an aperture smaller than the wavelength of light is an example for a
very strong environment interaction. With the miniaturisation of quantum technologies from
laboratories into real world devices such a scenario will become increasingly relevant.

The results so far represent a significant step towards protecting quantum resources from
degradation. We believe it possible to identify structures that protect more than one quantum
state at a time. For now, even in the system presented, many interesting questions remain.
One of them is to understand the exact behaviour of the plus state and its deterioration
through the interaction. Looking at the density matrix of figure 5.8 (c), we observe that
coherence emerges for the |RL〉 term but not between the original state and the |RL〉 terms,
nor does any coherence remain for the initial state, which is not directly obvious from equation
(5.17). Furthermore, the small |RR〉 term seems to be reproducible which we do not have an
explanation for at this stage. We would expect |RR〉 and |LL〉 terms to behave in exactly the
same way, considering the symmetries of the system.
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6
Conclusion

In the last chapter of this thesis we summarise our findings (section 6.1) and present an
outlook (section 6.2) on how our work may be continued in the future. We discuss open
questions and potential extensions.
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6.1 Summary

The overarching theme of this thesis is the improvement of control over quantum states of
light in order to interact with nano structures. In chapter 3, we started with a detailed look
at two-photon correlations from SPDC in their temporal degree of freedom. We found that
the time delay between signal and idler photons can be tuned via the relative position of the
non-linear crystal to the collection lens. That this effect had not been reported before, was
very surprising to us, considering that SPDC has been the workhorse of photonic quantum
information experiments for decades. To unambiguously prove the existence of the time delay
shift also for other experimental situations we developed – in addition to theHong-Ou-Mandel
interference based measurement – a direct time delay measurement. We achieved a precision
far below the timing resolution of the avalanche photo detectors and even the bin width of
the coincidence counting electronics. The measured delay is relevant for all collinear type II
SPDC experiments and has significant consequences, if the photons are not split before being
overlapped, in an interference experiment.

With the motivation to gain more insights into the wave function of the SPDC pair,
especially the structure of the temporal correlations, we developed a novel reconstruction
method in chapter 4. It allows us to measure the complex spectral wave function via
a generalised Hong-Ou-Mandel interference in two dimensions. Apart from the obvious
advantage of having directmeasurement access to the complex spectralwave function, we have
also demonstrated the ability to shape the wave function by selection of the detection mode.
In order to maintain the necessary stability to perform a two-dimensional Hong-Ou-Mandel
scan, we developed and implemented specific correction and normalisation techniques. We
believe our reconstruction scheme to become a valuable tool to study the two-photon wave
function of type II SPDC. Furthermore, the demonstrated ability to shape the wave function
by simply changing the collection mode, could open exciting possibilities towards engineered
quantum states.

We then, in chapter 5, used the tools developed in the preceding chapters to create a
tailored two-photon state, engineered for the interaction with a plasmonic nanoaperture. For
the first time, we have sent an entangled photon pair through a single aperture smaller than
the wavelength. We have shown that the interaction between aperture and two-photon state
usually destroys entanglement, except for one special state, for which the entanglement is
protected from degradation because of quantum interference. The measurement was very
challenging, due to significant losses of the Laguerre-Gaussian mode and the long integration
times necessary. With a sophisticated stabilisation and positioning protocol we were able to
show quantum interference between the photons in two helicity channels and – through state
tomography – to demonstrate that the entanglement is preserved. We believe this work to
be an important step towards combining quantum optics and nano-photonics. The idea of
quantum states engineered with a particular interaction in mind could also prove valuable for
other systems.

6.2 Outlook

The wave function reconstruction scheme could provide insight into a variety of different
down-conversion situations and we have only started to explore some of them in chapter 4.
We believe it would be worthwhile to study other detection modes, as well as spatial pump
modes. The case of the Laguerre-Gaussian detection mode already showed a surprising
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feature and we believe that other spatial modes could give rise to even more unusual temporal
and spectral features.

Following up on the split structure of the time delay distribution (cf. figure 4.7 (c)), we
have speculated (see section 4.5) that it could be possible to generate time bin entangled
photons from this correlation. The suppression of the central delay could possibly be further
enhanced with higher order Laguerre-Gaussian detection modes. This would be a very
simple implementation of a source for time bin entangled photons. The only requirement
being the collection of a specific mode, exactly as we have demonstrated in the setup of the
wave function reconstruction scheme. Once coupled to the single mode fibre, the time bin
entangled pair could be used for arbitrary experiments.

One open question that waits to be answered is the exact transformation of the plus state
in the interaction with the nanoaperture. We have seen that it loses its entanglement, but the
density matrix (cf. figure 5.8) shows a peculiarity after passing through the aperture. The
coherence of the initial state disappears completely and instead some coherence between the
terms of flipped helicity arises. We believe an investigation of this behaviour could lead to
further insights into the complex interplay between entangled photons states and localised
plasmons.

For future experiments on the interaction of quantum states carrying orbital angular
momentum with nano-structures, the reversal of the orbital angular momentum transfer
should be optimised to improve the quality of tomographic measurements. One possible
extension that obviates the need for the back transformation would be a full state tomography,
sorting the state not only into individual helicity, but also orbital angular momentum channels.
Such a measurement would allow us to study the transformation of the whole state, entangled
in spin and orbital angular momentum.

In this thesis we have demonstrated that the wave function of the two-photon state can be
controlled in polarisation, spatial and temporal degrees of freedom to an exquisite precision.
We can measure it and perform very delicate controlled interactions with nano structures.
Reaching a bit farther beyond our work, we envision pump probe experiments with plasmonic
nanostructures at the single photon limit. By utilising the techniques we have demonstrated
in this work for control over temporal correlations, the arrival of signal and idler photons
could be scanned or engineered to measure or fit some specific response of the plasmonic
nano-structure. The crystal position or a birefringent delay line could be used to tune the time
delay between the SPDC photons. Even more interesting would be to shape the temporal
correlation function with a suitable spatial collection mode. Such pump probe measurements
could give insights into decay time scales of localised plasmons or possibly open the way to
photon-photon interactions through the interaction with plasmonic structures.
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Appendix – Coincidence detection system
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Figure A.1: Delay time histogram between signal and idler photons using APDs with a
timing resolution of about 60 ps. The coloured area corresponds to the counts used for any
subsequent calculation. It is defined by the area under the curve within a suitably chosen
coincidence window minus the accidental coincidences.

A fundamental quantity for many of the experiments and measurements described
throughout this thesis is the number of coincidences between two detection channels in a
certain time interval. The simultaneous arrival of two photons in separate channels is usually
detected with single photon detectors and a time to amplitude conversion electronic that
allows for the discrimination between correlated and uncorrelated events. We have used
different types of silicon avalanche photo diodes (APDs) for the three main projects de-
scribed in this thesis. For the wavefunction reconstruction measurements of chapter 4 we
used fibre-coupled APDs (Perkin Elmer). The direct time delay measurements of the SPDC
pairs in chapter 3 required detectors with a very high time resolution (SPD-020-CTF from
Micro Photon Devices). The experiment on the entanglement protection relied on APDs
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optimised for use around 800 nm (Count50-N by LaserComponents). Every single photon
detector generates an electrical signal, which in our case is routed to a time correlated single
photon counting module (PicoHarp 300 by PicoQuant). This records the difference in arrival
time for two subsequent events and builds up a histogram of those arrival time differences.
Figure A.1 shows an example of such a delay time histogram. From this histogram a suitable
coincidence window can be chosen, all counts within that window summed and accidental
counts subtracted. Accidental counts are those that do not belong to a pair but to two single
photons that have arrived by pure chance at the detectors in this time window. Their number
can be reliably estimated evaluating the coincidence count rate outside of the coincidence
window.
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Figure A.2: Stability of the coincidence detection system after start-up. The curve shows the
position of the coincidence peak for every measurement of approximately 2 minutes. The
complete plot shows approximately 40 hours. Some sort of event after about 20 hours leads
to a much more stable peak.

For very precise measurements of the average arrival time difference of a large number
of photons the stability of the coincidence counting electronics plays a significant role. With
the PicoHarp system we have observed a peculiar behaviour after start-up, which we show in
figure A.2. The curve depicts the repeatedly measured arrival time difference between signal
and idler photons of our SPDC source under unchanged experimental conditions. Each single
measurement acquired data for 2 minutes and the whole curve shows the first 40 hours after
switching on the PicoHarp. Surprising to us was the observation that it takes many hours
for the coincidence detection system to reach a stable state. This general behaviour – strong
fluctuations in the beginning and then stabilisation after a sudden jump – was reproduced
several times.

For a short time during the entanglement protection experiment, we have actually used
four APDs instead of only two as described in chapter 5. This would have allowed us
to simultaneously measure correlations in and between the channels of opposite and equal
polarisation. Unfortunately, we had to give up this approach, because the APDs broke
down too fast. However, we would like to briefly comment on the possibility to operate
four independent APDs with the PicoHarp system in time tagged and time resolved (TTTR)
mode. This mode does not build a histogram as discussed in the previous paragraph, but
instead records the arrival time of each electrical pulse in any one of the two input channels.
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Figure A.3: Pulse shape of an avalanche photo diode TTL signal after no delay (red) and
after passing through 50 m (black) or 100 m (blue) of coaxial cable.

An additional device, the router (PHR 800 by PicoQuant) extends the number of available
input channels to five. However, the router does not measure time delays but only merges and
forwards signals to the PicoHarp while supplying information from which channel the signal
originated. In our case, one APD was wired directly to the PicoHarp, while the other three
signals were sent through the router. Since coincidences are expected to happen between any
two of the channels, this would usually lead to problems because two events could be merged
together and then not be detected by the PicoHarp, because of its dead time. After a detection
event in the PicoHarp, the system is not available to detect any other signal in that channel
for about 100 ns. Also the router comes with such a dead time of about 50 ns. Our solution
to this problem is to delay the signals that are to be merged by the router by this cumulative
dead time from each other. The first signal can be fed to the router without a delay, the second
one with a delay of at least 150 ns and the third one with a delay of more than 300 ns.

Delaying an electrical signal with a sharp edge, which is necessary for the accurate
detection of the signal, by such a long time is not a simple task. Solutions based on integrated
electronics bear the risk of introducing additional timing jitter and to distort the signal. We
have opted for a pure cable based approach, using high quality coaxial cables (Ecoflex 15)
to delay the signals with respect to each other. See figure A.3 for a comparison of the signal
shapes after 0 m, 50 m and 100 m of coaxial cable. The high quality of the cable is very
important, since the steep rise of the signal translates to a high frequency, which is damped
strongly in thin and long cables. The cables we are using have a specified damping of
9.8 dB/100m at 1 GHz. This approach allowed us to reliably record coincidences between
any two of the four single channels without any restrictions. It is also possible to detect three
or four-fold coincidences with exactly the same technique.
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Appendix – Time delay adjustment system

Figure B.1: Schematic of the two calcite wedges and the fixed length offset calcite crystal.
The beam of orthogonally polarised photon pairs is shown in red. The arrows indicate the
movement of the wedges to change the path length of the beam inside the calcite and with it
the time delay between the two photons.

Modifying the time delay between signal and idler photon of a collinear, type II down-
conversion source is an important capability for many measurements described in this thesis.
If the photons are available in separate spatial channels, changing the time delay is simply
achieved by changing the path-length difference. However, if the time delay should be
adjusted without the photons being separated, a different solutions is necessary. In the case
of photon pairs with orthogonal linear polarisation, a suitably oriented birefringent medium
can delay one photon with respect to the other due to the different group velocities each
photon experiences within the medium. The length of the path inside the medium then
determines the amount of relative shift. To be able to continuously tune the time delay over
an interval, we employ two calcite wedges on motorised stages (see drawing B.1). Using two
instead of only one wedge and moving the wedges in parallel to their sloped edge, allows us
to maintain the beam direction and avoid a beam displacement. Since the path length inside
the crystal can not be reduced to zero with two wedges and a finite beam diameter, we use an
additional fixed length crystal to reverse some of the delay change due to the wedges. With
a usable thickness of the wedges between 2 mm and 14 mm and the additional slab of 2 mm,
we achieve a time delay tuning range of 0 ps to 7.14 ps. This is about twice the amount that
could be picked up by a pair traveling through the whole length of down-conversion crystal
(see chapter 3 for details).
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Figure B.2: Surface of the normalised coincidence rate as a function of the free space path-
length difference and the displacement of the calcite compensation crystals. The pairs are
delayed in the calcite wedges while still collinear, then split by a polarising beam-splitter,
coupled to single mode fibres with a variable distance and then overlapped on a fibre beam-
splitter. Only if the delay shifts of both direct path length and calcite compensator cancel
the initial delay of the pair, will the photons interfere on the beam-splitter and create the
Hong-Ou-Mandel dip. We can check the correct operation of the compensation crystals
with this setup and calibrate the compensation wedge positions. The stripes along lines of
constant incoupler position are due to slight fluctuations of the incoupling efficiency, that are
necessarily independent of temperature.

To check the correct operation of the compensation wedges and to calibrate the calcite
wedge positioning, wemeasure a standard Hong-Ou-Mandel interference with respect to both
free space path-length difference and calcite wedge position. Figure B.2 shows the resulting
coincidence count rate surface. The displacement of the wedges happens simultaneously for
both wedges and is parallel to their hypotenuse, as seen in drawing B.1. We find that over
25 mm of wedge displacement, the incoupler has to be moved by 1.76 mm, which translates
via the speed of light in vacuum to a delay of 5.87 ps.

An additional advantage of the fixed length slab of calcite, that is used to compensate
some of the changes by the wedges, is the fact that it can be rotated by 90° and thus shift
the time delay far off. This can be very useful if scans in time delay are performed, while
the photons are coupled to fibres later on. Tiny variations in the beam orientation (due
to the wedge position) can lead to fluctuations of the incoupled intensity. However, these
fluctuations can be discriminated from the actual physical changes due to the changed time
delay, by scanning also with the fixed length calcite slab turned. This creates a reference scan
where only the incoupling can be responsible for intensity changes, because the photon pairs
are well distinguishable for the whole range of scanning positions.
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positioning

(a) (b)

Figure C.1: Scanning electron microscope images of (a) an array of circular nanoapertures
milled into a gold layer with a focused ion beam and (b) the details of a single aperture.

The plasmonic nano-structures used for the entanglement protection experiments in chap-
ter 5, are isolated, sub-wavelength apertures in a gold film of 150 nm thickness. Figure C.1
shows two scanning electron microscopy images of the sample used. The holes have a diam-
eter between 750 nm and 280 nm, which is well below the wavelength of the down-converted
light of 808 nm. We focus the photon pairs onto the nanoaperture with a 0.85 NA objective
optimised for the near infrared and collect the transmitted light with a 1.4 NA, oil immer-
sion objective. Positioning the sample between the two objectives is achieved by a pair of
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manually controlled micrometer stages and a stack of three, electronically controlled nano-
positioners. Transmitting SPDC pairs not carrying orbital angular momentum through the
aperture is relatively straight forward due to only moderate losses of around 50 % of single
counts. The smallest possible 1/e2 beam diameter at the focus of the 0.85 NA objective is
d ≈ λ/(2πNA) ≈ 600 nm for such a Gaussian beam. With the actual engineered state of the
experiment, which is carrying one quantum of orbital angular momentum, the situation is
significantly different due to the much wider beam diameter. The losses are about 90 % of
the initial singles counts when using a vortex beam carrying one quantum of orbital angular
momentum through the 750 nm aperture. To compensate for the small count rates we need
to integrate for several tens of seconds. Furthermore, some of the measurements are based
on a large number of individual measurements. This requires the whole setup and especially
the sample position within the beam to be extremely stable. We experience slow drifts on the
time scale of an hour, even though we operate the nano-positioners in a closed loop mode.
Such an excursion of the centre of the incident beam from the centre of the aperture must of
course be prevented to maintain the symmetry of the whole system.
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Figure C.2: Spatial scans with the nanoaperture, showing the single count rates in the
unchanged helicity channel (a), the flipped helicity channel (b) and the ratio of the two (c)
with single incident photons carrying orbital angular momentum. We use the ratio of counts
between changed and unchanged helicity to centre the aperture with respect to the incident
beam. The singles count rates shown are normalised to the same value.

We employ two different automatic position optimisation schemes depending on whether
the beam carries orbital angular momentum or not. Due to the higher count rates of the
Gaussian beam, it is sufficient to optimise the total count rate measured after the aperture,
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by adjusting the sample position subsequently and repeatedly in all three axis. If the beam
carries orbital angular momentum, we make use of the helicity flip probability, which is
highest, if beam and aperture are concentric. A spatial scan of the aperture in the two
directions transverse to the incident beam is shown in figure C.2. Using only one of the
two down-converted photons, we can selectively measure the count rates in the unchanged
and changed helicity channels with the setup shown in figure 5.2. The spatial map of the
unchanged helicity channel (figure C.2 (a)) produces – as expected – the doughnut beam
profile. If the aperture is well centred with respect to this doughnut, the unchanged helicity
is minimal and the changed helicity is at its maximum. This gives rise to a sharp peak in the
ratio between these two count rates, which we use to find the optimal position of the aperture.
Since this is only possible with a defined input polarisation, we use a linear polariser after the
SPDC source to select only one of the two photons. All measurements are fully automatised,
so that this re-positioning algorithm can be performed regularly, countering any slow drift.
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D
Appendix – Re-emission of photons from

avalanche photo diodes

For the entanglement protection experiment (see chapter 5), we rely on free space avalanche
photo diode (APDs) to detect andmeasure photon pairs transmitted through the nanoaperture.
We found an initially puzzling behaviour in the arrival time histograms. See figure D.1 for
an example. At this point in time we were still working with four APDs and were thus able to
look at correlations between opposite and equal polarisation channels. Since the input pairs
for this measurement are right and left circularly polarised, we expect to see one coincidence
peak in the opposite polarisations channel (a) and nothing in the same polarisations channel.
The surprising finding are the two side-peaks centred at ±10 ns, which only occur when the
pairs are transmitted through the nanoaperture. We attribute this to the possibility that APDs
can re-emit photons after a detection event. In our experiment, this re-emitted photon can
then travel backwards until it is reflected by the gold surface of the sample. Any single
photon not belonging to a pair and triggering a detection event could be identified as part of
a coincidence with a re-emitted photon from that detection event. This is only happening in
the coincidence channel of opposite polarisations, because of the phase flip the re-emitted
photon is experiencing when being reflected from the gold surface.

We confirmed this by coincidence measurements with single photons, where only one of
the side-peaks remains in the histogram. The actual SPDC photon will always exclusively be
detected in the detection arm with the right polarisation and the re-emitted photon then be
detected in the other polarisation arm. Also, we found three photon coincidences (see figure
D.2) in the time tagged and time resolved data that was used for the coincidence histograms
of figure D.1. An accumulation of three photon coincidence at any specific time delay
combination above the background of random events is naturally impossible with photon
pairs. However, if a large number of photons is re-emitted after a detection event, two of
these could be detected in the two detectors of the opposite polarisation arm, or a chain of two
re-emissions could also create a three photon coincidence. Both of these possibilities show
up in figure D.2. The peak at positive and equal time delays to the start event (upper right)
corresponds to the three fold coincidence with two simultaneous detections of re-emitted
photons and the other two peaks correspond to chains with two subsequent re-emissions.
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Figure D.1: Time delay histograms between channels of opposite polarisation (a) and equal
polarisation (b) after transmission through a nanoaperture. The input is a left and right
circularly polarised Gaussian photon pair.

This effect should be taken into account and it increases the noise in our measurements.
Luckily, due to the sufficient delay in the re-emission, counts in the actual SPDC photon co-
incidence peak can reliably distinguished from coincidence events due to re-emitted photons.
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Figure D.2: Delay time histogram of three-fold coincidences between three of the four single
photon detectors. The underlying time tagged and time resolved arrival time data is the same
as for figure D.1.
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