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Abstract

In this proof-of-principle experiment path-entanglement was verified by non-
locally interfering two neighbouring core pairs of a multi-core fibre (MCF).
The entangled photons are generated inside a non-linear crystal and simulations
show the rotationally symmetric distribution and temperature dependent spec-
tral characteristics. They are then mapped onto the end-face of the MCF, which
is used to guide the photons to two distinct interferometers, where the photons
interfere on a beamsplitter and coincidences are measured. Even though the se-
tup was not stabilized, it reaches visibilities up to 97%, making this technique
suitable for quantum key generation and distribution applications. This experi-
ment shows that a MCF is suitable for entanglement distribution and the wa-
velength of the photons (1560nm) makes this technique integrable for existing
telecommunication infrastructure.



Zusammenfassung

In diesem Grundsatzbeweis wird Pfadverschränkung über nicht-lokale Interfe-
renz zweier benachbarten Paaren einer mehrkernigen Faser nachgewiesen. Die
Photonen werden in einem nicht-linearem Kristall erzeugt und Simulationen
zeigen die rotationssymmetrische Verteilung und temperaturabhängigen Eigen-
schaften. Diese werden anschließend auf die Faser projiziert, welche verwen-
det wird um die Photonon zu zwei verschiedenen Interferometern zu leiten,
wo sie an einem Strahlenteiler interferieren und Koinzidenzen gemessen wer-
den. Obwohl der Aufbau dieses Experiments nicht stabilisiert wird, werden
Sichtbarkeiten von über 97% erreicht, weshalb sich diese Technik für Quan-
tenschlüssel-Generations- und Verteilungs-Anwendungen eignet. Dieses Expe-
riment zeigt, dass eine mehrkernige Faser Verschränkungsverteilung und die
verwendete Wellenlänge (1560nm) die Integration in bestehende Telekommu-
nikationsinfrastruktur ermöglicht.
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Master’s Thesis

1 Introduction

Asymmetrical or public-key cryptosystems like for example RSA [1] are the most widely
used systems for en- and decryption. It uses different keys for both and its security relies
on computational complexity with the idea of one-way functions - functions that are easy to
compute in one direction, but the task of solving them the other way round grows exponen-
tially with each new input bit. In fact, even though this makes cryptosystems very secure,
at the same time it’s its weakness. Assumptions made for their security are unproven (or
even unprovable) and therefore it cannot be excluded that someday an algorithm is good
enough to execute those tasks way faster than initially thought. Hence, a new way of secure
communication has to be established. Especially with quantum computers on the way which
exploit phenomenons like superposition and entanglement to increase computational power
by magnitudes.
Quantum cryptography is said to be the most secure way for information encryption. It uses
only a single key for both, en- and decryption and falls under the definition of symmetrical
or secure-key cryptosystems. To share encrypted information supported by quantum objects,
e.g. photons, the field of quantum key distribution (QKD) deals with the possibilities of how
to do so – meaning how to share the (quantum) key which en- and decrypts the secret messa-
ge. The superior advantage of quantum instead of classical keys is the usage of the so-called
no-cloning theorem [2] which states that no quantum state can be copied without altering its
initial state - it perturbates this system. Several protocols have already been proposed and
verified how such security checks would look like, for example the famous BB84 protocol,
developed by C. Bennett and G. Brassard in 1984 [3]. As soon as both parties know that the
key was not intercepted by an eavesdropper they can exchange encrypted messages through
classical channels because nobody except the trusted nodes has the key to begin with. QKD
is hard to establish due to the high sensitivity of quantum systems, which are easily prone to
errors. But several methods, settings and quantum error-correction algorithms have already
been developed, leading to many breakthroughs - e.g. [4–10]. Distribution of a secure key
can happen via satellites, free-space links or through optical fibres. While single mode fi-
bres (SMF) are already in various applications, there are also multicore fibres (MCF) used
- a single fibre with several cores facilitating infrastructure by enhancing the capacity of
information distribution.

The aim of this thesis is a proof-of-principle experiment to verify non-local interference via
path-entanglement that is shown by exploiting the spatial correlations between an entangled
photon pair created in a type-0 SPDC source and using a MCF for guiding those. This tech-
nique can be used for example for the generation and subsequent distribution of the key to
one or even several parties and can easily be implemented into already existing telecommu-
nication infrastructure.
In chapter 2 basic ideas are presented such as entanglement, the Mach-Zehnder interfero-
meter and path-entanglement itself. Chapter 3 deals with the setup - from the source to the
detector - as well as the alignment and measurement procedures and a short comment on
the stability. In the end, chapter 4 presents the results and analysis of the data by computing
visibilites.
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2 Basic ideas

In this chapter we will discuss what entanglement is, how it can be created and dive into the
basic idea behind the experiment exploiting this phenomenon.

2.1 Entanglement

The phenomenon of entanglement is the essential fact of quantum mechanics,
the fact that makes it so different from classical physics. It brings into question
our entire understanding about what is real in the physical world.

-Leonard Susskind [11]

Entanglement is an intrinsic quantum mechanical feature defying classical physics as nothing
else does. It led to Einstein talking about ”spooky action at a distant” due to the seemin-
gly superluminous communication between two quantum systems. Nowadays, entanglement
can be and is used in a variety of disciplines, for example in foundational physics, in bio-
chemical processes [12, 13] and it is currently starting to get into focus of medical research
[14], while being a fundamental property for quantum computation and communication. By
exploiting the fact that using a third quantum system one can swap the entanglement bet-
ween different parties, it has already been shown that one can ”teleport” information further
than 1000km, see for example [15–18]. Entanglement swapping is also used to improve the
fidelity of the entanglement, since the quality of entanglement gets reduced after a certain
time and distance. This procedure is called entanglement distillation or purification [19–21].

2.1.1 Definition

Consider a composite quantum system consisting of two pure states labeled a and b. The
composite state can then be written as a product state

|ψ⟩= |φ⟩a ⊗|θ⟩b = |φ⟩a |θ⟩b = |φθ⟩ab = |φθ⟩ (1)

Now if there is a state that cannot be written in such a product state, meaning each system
cannot be described on its own, then it is called an entangled state. Using the density matrix

ρ̂ab = |φ⟩⟨φ |⊗ |θ⟩⟨θ | (2)

one can establish the reduced density operator for a subsystem by taking the trace over the
other:

ρ̂a = |φ⟩⟨φ | (3)

For any non-entangled pure state it holds that

Tr(ρ̂2
a ) = 1 (4)

while this condition is not fulfilled for entangled states:

Tr(ρ̂2
a ) ̸= 1 (5)

These separability conditions hold for pure states. A general (mixed) state is known to be
separable if the state can be expressed as the sum of separable pure states, weighted by a
probability factor pi (where ∑i pi = 1)[22]:

ρsep = ∑
i

pi |φi⟩⟨φi|⊗ |θi⟩⟨θi| (6)
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It is not always possible to determine the state itself to confirm entanglement, but rather
use different notions such as the positive partial transpose (PPT) [23, 24] or entanglement
witness [25]. For a review about entanglement certification, see for example [26].
There is particularly a set of states that are very prominent, namely the Bell states which are
maximally entangled:

|Ψ−⟩= 1√
2
(|01⟩− |10⟩)

|Ψ+⟩= 1√
2
(|01⟩+ |10⟩)

|Φ−⟩= 1√
2
(|00⟩− |11⟩)

|Φ+⟩= 1√
2
(|00⟩+ |11⟩)

|0⟩ and |1⟩ are just the states of a two-level system in the computational basis. The first
one is also called a singlet state (and is anti-symmetric under interchange of the qubits1).
Those can be used to violate the Bell inequality which led to discarding the hidden variable
theories [27–29]. One can clearly see that measuring one state instantaneously determines
the state of the second qubit.

2.1.2 Degrees of freedom

Quantum entanglement describes the fact that one or more properties of two different sys-
tems correlate with each other in two non-commuting bases - so there exist different types
of entanglement. For example, inside a BBO (Barium Borate) crystal one can produce po-
larization entangled photons via down conversion (see next section) in which case the Bell
states look as follows:

|Ψ−⟩= 1√
2
(|HV ⟩− |V H⟩) |Φ−⟩= 1√

2
(|HH⟩− |VV ⟩)

|Ψ+⟩= 1√
2
(|HV ⟩+ |V H⟩) |Φ+⟩= 1√

2
(|HH⟩+ |VV ⟩)

(7)

with |H⟩ and |V ⟩ being horizontal and vertical polarization, respectively. Then there is time-
energy entanglement or frequency bin entanglement that is also given by the down con-
version process [30, 31]. The important type for this thesis is path-entanglement, meaning
there is a correlation of the number of photons in different paths which can lead to non-local
interference. Prominent in quantum information are the so called multiphoton entangled
NOON-states:

|Ψ⟩NOON =
1√
2

(
|N,0⟩+ eiNφ |0,N⟩

)
(8)

where N is the number of photons in its respective path and the exponent just a phase factor
[32–34]. This type of entanglement will be described in more detail in section 2.3.
Now, entangled systems do not have to be entangled in just one degree of freedom (doF) but
they can exist in more than one. This phenomenon is called hyperentanglement and promises
further possibilities of information processing [35–37].

1Short for quantum bit.
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2.1.3 Generation

Since its first demonstration in 1970 [38] spontaneous parametric down conversion (SPDC)
has become one of the most widely used techniques for the creation of entangled photon
pairs. It uses the non-linearity of the polarization in a medium to annihilate one pump-
photon and re-emit two photons with twice its wavelength which are then entangled.
A dielectric medium response to an external applied electric field via the polarization:

P⃗ = ε0χ
(1)E⃗ + ε0χ

(2)E⃗2 +O(E⃗3) (9)

where ε0 is the vacuum permittivity, χ the electric susceptibility of the medium and E⃗ the
electric field itself. While free space propagation stays linear, in some media the non-linear
terms cannot be neglected. For SPDC it is sufficient to approximate the polarization to se-
cond order and discard higher order terms. SPDC is a three-wave mixing effect (also known
as parametric interaction) in which a pump photon with frequency ωp is down converted in-
to two photons which are usually called signal (with frequency ωs) and idler (with frequency
ωi). While the photon number is not, energy is conserved:

ωp −ωs −ωi = 0 (10)

The same holds for the momentum:

k⃗p − k⃗s − k⃗i = 0 (11)

where the wave vectors k⃗ j with j = p,s, i are defined as:

|⃗k j|=
n j(ω j) ·ω j

c
=

2π ·n j(ω j)

λ
(12)

Here n j(ω j) is the frequency dependent refractive index that leads to chromatic dispersion
and c the speed of light. The relation between the refractive index of a medium and the
wavelength λ is given by the Sellmeier equation:

n2(λ ) = a1 +b1 f +
a2 +b2 f

λ 2 − (a3 +b3 f )2 +
a4 +b4 f
λ 2 −a2

5
−a6λ

2 (13)

Here, f is a temperature dependent parameter and the ai and b j (i = 1, ...,6 and j = 1, ...,4)
are coefficients - details can be found in, e.g. [39]. For crystals in which all three fields
propagate collinearly, the relation

k⃗p

|⃗kp|
=

k⃗s

|⃗ks|
=

k⃗i

|⃗ki|
(14)

holds and Eq. (11) can be written as a scalar expression:

np(ωp)

c
·ωp −

ns(ωs)

c
·ωs −

ni(ωi)

c
·ωi = 0 (15)

Eq. (15) is called phase-matching condition. If this condition is not fulfilled a phase mis-
match and destructive interference (after a certain distance) occurs due to a resulting diffe-
rence of the propagation speed of each field inside the crystal. One solution to this problem
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is to engineer the crystal itself in a way that the phases match again. This is known as quasi
phase-matching (QPM) [40–42] with the QPM condition:

∆⃗k = k⃗p − k⃗s − k⃗i − k⃗m (16)

The grating wave vector k⃗m is defined as |⃗km|= 2π/Λ with the poling period length Λ of the
crystal. If the photon is propagating along a principal axis, e.g. the z-axis, Eq. (16) can be
rewritten, using the transverse wave vectors q⃗ j ( j = s, i) and Eq. (12):

∆kz = 2π

(
np

λp
− ns

λs
− ni

λi
− 1

Λ

)
+

|⃗qs − q⃗i|2

2kz
p

(17)

The spatial distribution of the emitted photons can then be computed by squaring the bi-
photon mode function Φ(⃗qs, q⃗i) [43, 44]:

Φ(⃗qs, q⃗i)∼ e−
|⃗qs+q⃗i|2ω2

p
4 sinc

(
L
2
·∆kz

)
(18)

where ωp is the angular frequency of the pump photon and L the length of the crystal. A
crystal that uses QPM emits the photons in one cone, where the entangled photons are on
opposite ends (Fig. 1). By using the fact that the emission is rotationally symmetric one can
define the emission angle relative to the principle axis of the crystal with the x-component
of the transverse wave vector q⃗ j ( j = s, i):

θ j = arctan
|qx

j|
|kz

j|
(19)

where the z-component points in the direction of the pump beam. This angle corresponds to
the propagation inside the crystal. The emission-angle after the transition from crystal to air
is given by Snell’s law:

nC sinθC = nA sinθA (20)

Here, nC and θC are the refractive index and incident angle inside the crystal, while nA =
1 and θA account for the air side. By changing the temperature and therefore changing
the phase matching condition, Eq. (15), of the crystal one can tweak the wave vectors and
frequencies of the entangled photon pair (see section 3.1.1). Even though SPDC is a widely
used technique for entanglement creation it is also very inefficient because χ(2) is still very
small. The conversion happens via random vacuum fluctuations which is a very rare event -
for example only one in 1012 photons gets down converted [45].
There are three different types of SPDC processes that define the polarization of the signal
and idler photons:

• Type 0: The polarization of signal and idler is parallel to the polarization of the pump
photon

• Type 1: The polarization of signal and idler is orthogonal to the polarization of the
pump photon

• Type 2: The polarization of signal and idler is orthogonal with respect to each other,
where by convention the signal photon’s polarization is parallel to the polarization of
the pump photon2

2This is only true in the degenerate case, in the non-degenerate regime the photon with higher frequency is
referred to as signal photon.
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Fig. 1: Emssion cone of a type-0 SPDC source. The pump photons (red) propagate along
the z-axis and enter the crystal (blue), which annihilates the photon emitting two
entangled photons which lie diametrically symmetric on the cone’s surface (green).

2.2 Mach-Zehnder Interferometer

The Mach-Zehnder (MZ) interferometer consists of two beamsplitters (BS) and a phase-
shifter (PS) in one arm (see Fig. 2). A BS acts as a unitary transformation with the unitary
matrix3:

ÛBS =
1√
2

(
1 i
i 1

)
(21)

where the i comes from the π/2 phase shift in the reflection mode due to the unitarity of
operation [46] and the PS unitary operator:

ÛPS =

(
eiφ 0
0 1

)
(22)

After the second BS a detector is placed at each output mode and clicks when detecting a
photon. The detection probability for detector 1 and detector 2 are given by:

p1 = cos2 φ

2

p2 = sin2 φ

2

(23)

respectively, leading to interference fringes as can be seen in Fig. 3. In other words a photon
is in a superposition of being in one or the other arm after the first BS and overlaps with
itself at the second BS. Depending on the phase constructive or destructive interference
occurs towards one of the outputs, so only one detector sees the photon. Hence, changing the
length of one arm (physically or by placing a PS in the photon’s path) leads to interference
fringes at the output and one can control where the photon lands.

3Here we assume a 50/50 beamsplitter, meaning that it transmits and reflects the photons with equal proba-
bility.
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Fig. 2: A Mach-Zehnder interferometer consisting of two beamsplitters (BS) and a phase-
shifter (PS), with M being a mirror. The path-superposition after the first BS leads to
interference fringes at the detectors.

Fig. 3: Interference fringes as predicted by Eq. (23).

A quality measure for interference is the so-called visibility which basically is a contrast
between the maximum and minimum of the curves (counts) in Eq. (23) and shows how
good the interference is. It is defined as the ratio between the difference over the sum of the
maximum and minimum counts C:

V =
Cmax −Cmin

Cmax +Cmin
(24)

2.3 Path entanglement and non-local interference

Fig. 4 shows the idea behind the experiment. One photon of an entangled pair is in a su-
perposition of taking the path |A1⟩ and |A2⟩ (so being in two interferometers simultaneous-
ly), while the same holds for the other partner for |B1⟩ and |B2⟩. At the beamsplitter the
entangled photons will be in a state |A1A2⟩ or |B1B2⟩, depending on the path they took (the
experimental reason for that will be explained in section 3.1.3). Therefore, two photons are
in a superposition of being in all four arms of two interferometers and can therefore interfere

- 12 -
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Fig. 4: Each photon of an entangled pair created in the EPR Source is in a superposition
of taking the paths |A1⟩ and |A2⟩ as well as |B1⟩ and |B2⟩ for the other photon.
Detectors are labeled as they were named in the experiment itself. At the BS they
overlap, leading to non-local interference.

with each other at both BS. The input state before the BS looks as following:

|Ψin⟩=
1√
2

(
|A1A2⟩− eiφ |B1B2⟩

)
(25)

The beamsplitter now acts on each photon as a unitary transformation as given by Eq. (21)
and we label each output the same as it was named in the actual experiment:

|A1⟩ →
1√
2
(|4⟩+ i |1⟩) |B1⟩ →

1√
2
(|1⟩+ i |4⟩)

|A2⟩ →
1√
2
(|2⟩+ i |3⟩) |B2⟩ →

1√
2
(|3⟩+ i |2⟩)

We can plug that into the input in Eq. (25) to get the output state:

|Ψout⟩=
1

2
√

2

[
(|4⟩+ i |1⟩)(|2⟩+ i |3⟩)− eiφ (|1⟩+ i |4⟩)(|3⟩+ i |2⟩)

]
=

=
1

2
√

2

(
|42⟩+ i |43⟩+ i |12⟩− |13⟩− eiφ |13⟩− ieiφ |12⟩− ieiφ |43⟩+ eiφ |42⟩

)
Using the fact that |jk⟩= |kj⟩ with j ̸= k the expression can be simplified as:

|Ψout⟩=
1

2
√

2

[(
1+ eiφ

)
|24⟩+

(
i− ieiφ

)
|34⟩+

(
i− ieiφ

)
|12⟩−

(
1+ eiφ

)
|13⟩

]
(26)

This can now be summarized as:

|Ψout⟩=
1

2
√

2

[(
1+ eiφ

)
(|24⟩− |13⟩)+

(
i− ieiφ

)
(|12⟩+ |34⟩)

]
(27)

The magnitude squared of the coefficients from each term gives the probability of coinci-
dences of the respective detector-pair, meaning a simultaneous measurement (or ’click’) in
both detectors. Those probabilities can be rewritten by using the following relations:

cos2 x =
1+ cos2x

2
sin2 x =

1− cos2x
2

- 13 -
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which lead to a more familiar pattern:

|34⟩ ∝ sin2 φ

2
|24⟩ ∝ cos2 φ

2

|12⟩ ∝ sin2 φ

2
|13⟩ ∝ cos2 φ

2

(28)

These probabilities show that by changing the relative phase in one arm the coincidence rate
in almost all detector pairs correlate with and influence each other and we observe non-local
interference. The only two detectors that don’t show coincidences are |14⟩ and |23⟩, since
- as with the Mach-Zehnder interferometer - the photons exit only at one output at the BS.
From this one expects interference fringes that look the same as in Fig. 3 but with the blue
function being the coincidence counts for |12⟩ & |34⟩ and red for |13⟩ & |24⟩.

- 14 -
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3 Experiment

3.1 Setup

The setup can be divided in four components: 1) the SPDC source for generating the entangled
photons, 2) the multicore fibre guiding the photons to 3) the interferometers and 4) the de-
tector. We will discuss the characteristics of each building block in detail.

3.1.1 SPDC source

This source was used and spectrally analyzed before by [44] with a different poling period.
The entangled photons are produced during a type-0 SPDC process in a magnesium-oxid-
doped periodically poled lithium niobate (MgO:ppLN) crystal of length L = 40mm and
a poling period of Λ = 19.5µm. As already discussed above, spectral characteristics and
emission angle of the signal and idler photons can be varied by modifying the crystal’s
temperature. Computing the squared bi-photon function in Eq. (18) under the assumption of
rotational symmetry and the fact that signal and idler have opposite transverse wavevectors
(⃗qs =−q⃗i), gives the spatial distribution of both photons for a specific temperature that can
be seen in Fig. 5. The temperature dependent emission angle of the photons can be simulated
by searching for the minimum of Eq. (17) and calculating the magnitude of the transverse
wave vector. q can then be used in Eq. (19) for the emission angle. Snell’s law (Eq. (20)
can then be used to get the angle after exiting the crystal. This simulation is illustrated
in Fig. 6 (left). Neglecting the last term in Eq. (17) and minimizing again for λs and λi
results in the temperature dependent center wavelength of the signal and idler photons. This
bifurcation behaviour is depicted in Fig. 6 (right). The spatial distribution of the photons
(Fig. 5) gives a ring-like structure, which is then used to cover all cores of the multicore
fibre in either the inner or outer ring (see next section). With increasing temperature the
emission angle is reduced, until it reaches a collinear output at about 78°C (Fig. 6 (left)).
The center wavelengths of the entangled pair reaches non-degeneracy at ∼ 78°C, below they
are degenerate (Fig. 6 (right)).
In this experiment, the crystal is pumped with photons with a wavelength of λp ∼ 780nm,
producing entangled photons at telecommunication wavelength of λs = λi = 1560nm. The
crystal’s temperature is set at T = 77.50°C, while it actually regulates slightly above at
T = 77.53(9)°C due to imperfections. The whole source looks as depicted in Fig. 7: The
780nm pump photons from the continuous wave (CW) laser pass a polarizing beam splitter
(PBS) and are rotated into the diagonal basis at the adjacent half-wave plate (HWP) which
changes the power splitting at the Sagnac-loop. The yttrium orthovanadate plate (YVO4) re-
tards the photons (vertically polarized photons are slowed down). The crystal itself is placed
inside of a Sagnac-loop or Sagnac-configuration [48], which comes from the same-named
interferometer. In such a configuration a entangled photon pairs is produced by placing a
PBS at the beginning of the loop, such that the crystal gets pumped from one of both sides.
Hence, an entangled pair propagates back to the PBS. The SPDC process only works for
vertically polarized photons, so a HWP is placed in the arm where horizontally polarized
photons are transmitted. Therefore, we get a |Φ+⟩ state as in Eq. (7). A dichroic mirror
(DM) that transmits the pump photon and reflects the entangled photons, lead them subse-
quently through a spatial correlation adjustment configuration (Fig. 8) - consisting of lenses
and filters - to a multicore fibre (MCF). For more information on the lens setup see [49].
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Fig. 5: Simulated spatial intensity distribution of the entangled pair at the far-field plane in
terms of the transverse wave vectors with λs = λi = 1560nm for a crystal temperature
of T = 71, 74, 77.5 and 77.8°C.

Fig. 6: (Left) Emission angle of the entangled photons after generation inside the crystal
for a wavelength of λs = λi = 1560nm. (Right) Center wavelength of the entangled
photons. Beneath around 78°C they reach degeneracy. Both plots are depicted in
dependency of the crystal’s temperature.
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Fig. 7: Schematic of the source. A continuous wave (CW) laser at 780nm (black line) pumps
a MgO:ppLN crystal inside of a Sagnac-loop which produces polarization entangled
photon pairs of 1560nm via SPDC (red line). The spatial correlation adjustment sys-
tem consists of three lenses, a long-pass and a band-pass interference filter which
map the photons onto the MCF. Its principal concept is illustrated in Fig. 8. MCF:
Multicore fibre, PBS: polarization beamsplitter, HWP: half-wave plate, YVO4: yt-
trium orthovanadate plate

Fig. 8: Sketch of the working principal of the spatial correlation adjustment system that
demagnifies the far-field plane onto the MCF’s end-face (see next section). The size
of the cone of the photons (or the angle) can be modified by changing the crystal’s
temperature, mapping them onto the inner or outer ring. Image taken from [47].
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3.1.2 Multicore fibre

Fig. 9: Structure of
the 19-core
multicore
fibre.

For the distribution of quantum information, optical fibres offer a
simple option as a quantum channel besides free-space links [4, 50]
and satellites [51] as they are already exhaustively in use. Further
development to increase the capacity of those quantum channels, for
example via multiplexing [52] is therefore of high interest. Diffe-
rent doF have already been exploited to implement such multiple-
xing methods [53–55] while the spatial modes of light have been
demonstrated to be of good use more recently [49]. Space-division
multiplexing (SDM) is currently under investigation, not only for
quantum communication schemes but also in classical communica-
tion [56]. For SDM to work, a multicore fibre was used (where each
core of the MCF is an individual single-mode fibre) since it offers
distinguishability of discrete propagation paths. Another reason is to
avoid mode-coupling effects [57] and having a higher stability [58]
with a much simpler implementation as for multi- or few-mode fibres [59]. MCFs enable
the use of high-dimensional quantum communication [60, 61] as well as the transmission
[62] and generation [63] of entangled states. The MCF used in [49] is the same that we used
for this experiment.
As mentioned before, the wave vectors of signal and idler have opposite transverse com-
ponents and by looking at the far-field plane4 of the crystal the photons are at diametrically
opposite points. The spatial correlation adjustment system in Fig. 8 then maps the far-field
plane onto the MCF’s end-face. This means that entangled photons propogate to directly
opposite cores of the MCF.
The 411m long MCF was fabricated at CREOL in the University of Central Florida for
the fundamental mode at 1550nm. The 19 cores (each having a diameter of ∼ 8.5µm) are
placed hexagonally symmetric with a distance of ∼ 32.25µm to each other (see Fig. 9). A
central core is surrounded by two hexagonal rings of cores, with the inner ring consisting
of 6 cores and the outer ring having 12 cores. A fan-in/fan-out (FIFO) device connects each
core to a single-mode fibre (SMF). The symmetrical intensity distribution of the entangled
photons (Fig. 5) allows to illuminate each ring fully by changing the temperature of the cry-
stal, where in this experiment a temperature of T = 77.50°C corresponds to the outer ring.
Measuring the coincidences for each core (path) showed low cross-correlations between
cores as was expected since entangled pairs propagate through opposite paths. For quantifi-
cation reasons [49] introduced a quasi-path visibility5 defined as:

Vpath(m) =
Cmm′ − ∑l ̸=m,m′ Cml

N

Cmm′ +
∑l ̸=m,m′ Cml

N

(29)

where Vpath(m) describes the path visibility for core m, Cmm′ is the coincidence rate between
the opposite cores m and m′ and the sum over Cml with l ̸= m,m′ are the cross-correlations or
coincidences between non-opposite paths in the same ring. N is the number of non-opposite
combinations which are used to weight the sum to ”assure a balanced consideration of
wanted (opposite) and unwanted (non-opposite) correlations” [49]. The authors claimed a

4In the far-field the momentum of the photons gets mapped onto the MCF, while in the near-field the position
space is the relevant one.

5This is not a visibility in the usual way, but rather a measure of how good cross-correlations are not occur-
ring.
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Fig. 10: SMFs attached on each core via a fan-in/fan-out device, allowing to use every core
individually.
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visibility above 94.8(3)% for all outer cores. Besides this, the polarization visibility was also
measured to be above 81% for all cases (H/V and D/A basis for both rings) and therefore
would suit quantum key distribution (QKD) schemes [49]. Further details and characteristics
about the MCF can directly be taken from [49].

3.1.3 Interferometers

The spatial distribution of the entangled photons lead to an important effect on the MCF end-
face. As already discussed, an entangled pair enters the MCF in opposite cores, but is at the
same time in a superposition of being in the adjacent cores. So this is the reason the photons
are in the state described in Eq. 25. For this experiment four cores were taken in total - two
opposite cores with an entangled pair (that we label A1 and A2) and again two opposite
ones that are adjacent to the first pair (labeled B1 and B2), as depicted in Fig. 11. One core
of each pair then guides to an interferometer, overlapping on a 50/50 BS. The fibres have
a side-effect of rotating the polarization of the photons (each fibre does it differently) and
those interfere only if they have identical polarization. By adding polarization controllers
(PC) on each core and maximizing the power after a PBS (|H⟩ photons are transmitted
while |V ⟩ are reflected), it is ensured that only horizontally polarized photons are used for
interference at the BS. Three single-mode couplers (where the photons are coupled into the
interferometer) are placed on a translation-stage (two can be controlled with a computer
software while the other is displaced by a micrometer screw) for alignment facilitation (see
section 3.2). Now, one of those translation stages has an additional discrete piezoelectric
stack mounted, which is used to periodically change the length of one arm, leading to a
phase shift. After the BS the photons are coupled in again and are guided over SMFs to the
detector. Both interferometers were built on a single damped breadboard.

3.1.4 Detector

The detector is a four channel superconducting nanowire single-photon detector6 (SNSPD)
with an efficiency of ∼ 80% and a dark-count rate of ∼ 102 Hz. A time-tagging module was
used for further analysis and coincidences were determined by means of temporal cross-
correlation functions. Integration time is set at 500ms and a coincidence window of 300ps.
Since the efficiency of each channel is different and depends also on the polarization, PCs
were used before detection to maximize counts.

3.2 Alignment procedure

First rough alignment was done using a telecom laser at a frequency of 1550nm. The laser
was coupled into both arms of the interferometer with a fibre-beamsplitter and the polari-
zation was adjusted by measuring the power after the PBS and the use of the PCs. Laser
viewing cards were placed right before the output couplers after the BS (or even further
away using an additional mirror). Now, the beams were overlapped on the viewing card and
almost perfect interference was achieved via beam walking. Afterwards, the beams were
coupled into the SMFs that lead to the detector.
To ensure perfect interference, one could press against the breadboard (leading to a phase
shift) and the beam area on the card should ideally go from very bright (perfect constructive

6Model: Single Quantum Eos

- 20 -



Master’s Thesis

Fig. 11: Schematic interferometer setup. The cores A1, B1 and A2, B2 are entering the in-
terferometers via SMFs and single mode couplers and overlap at the BS where
the couplers after the BS lead them to the detector. A piezo element mounted on
the translation-stage at the coupler of path B1 will cause a phase shift. With the
translation-stages alignment gets facilitated. In each path a PBS ensures only hori-
zontally polarized photons. A photo of the setup is depicted in Fig. 12.

interference) to non-existent (perfect destructive interference). However, due to experimen-
tal imperfections a power-ratio between the maximum and the minimum of 50:1 is sufficient,
where a ratio higher than 100:1 was always achieved. This was measured using a powerme-
ter after the output coupler.
Next step involves switching from the laser to our entangled photons, which cannot be seen
on the viewing card since the power is too small. For this, the SMFs of the cores get connec-
ted to the SMFs that are directly connected with the coupler of the interferometers. The
previous alignment should not change and coincidences can be seen.
There are now four different paths in two interferometers that should all have the same
length (from the origin of generation to the BS) up to a difference of the coherence length
of the photons. To achieve this, the length of each arm was manually measured such that the
couplers are driven with the translation-stages to the wanted position, which is only as good
as the instrument that was used to determine the length allows7. If they had to be driven a
lot then the alignment procedure had to be repeated, because the beams leaving the couplers
are not parallel to the driving direction of the translation-stages. The last step includes using
the coincidence peaks. Each (or some) photon traveling a different distance to the BS has an
impact on the position of the peaks. One reference peak is chosen to be placed at τ = 0 (here
τ is a delay, not a time). Peaks now shifted to the right or left indicate a length difference in
the arms, because the photons are arriving at a later or earlier time. Then the paths, for exam-
ple, B1 and B2 get covered while driving the translation stage in A2 until all peaks overlap
at the center of zero delay. This was repeated with covering A1 and A2. To work properly,
covering e.g. A1 and B1 and doing the same procedure should guarantee that all paths are

7The aimed length is the length of the arm that has no translation-stage, such that the remaining three can be
repositioned.
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of the same length, but A1 and B1 do not have cross-correlations, so coincidences cannot
be seen. Therefore, it is to some extend a guessing game on which and how much the paths
have to be adjusted. But this method worked very well and by simultaneous monitoring of
the coincidence rates interference could be seen shortly after this adjustment.

3.2.1 Length difference of MCF cores

At first, the interferometers were aligned and coincidence peaks were monitored, every peak
had a side-peak. After excluding effects like reflections within the interferometers or the
fibre connectors, it was concluded that this second peak for every detector pairing must stem
from a length difference of the MCF’s cores. By putting an extra SMF between the core’s
SMF and the SMF of the coupler, additional shifting was observed. With that information
convenient SMFs were added to the affected cores and the coupler’s distance to the BS itself
was adjusted to get rid of those side-peaks. Because 1ns corresponds to 30cm we knew how
much length we had to add or take away. However, due to the higher refractive index in the
fibre, the photons travel slower, with a speed of

c′(n) =
c0

n
(30)

where c′(n) is the speed of light in a medium with refractive index n and c0 is the vacuum
speed limit. The fibres have a refractive index of n = 1.515 (BK7 glass). That’s why when it
looks like, for example, 30cm had to be added, in reality it’s roughly half of that length. But
this length difference wasn’t that easy to compensate, since SMFs only exist in discrete step-
sizes. Therefore, additional fibres had to be combined with a displacement of the affected
coupler - in our case it was coupler A1 (see Fig. 11). An example of those side-peaks is
shown in Fig. 13.

3.3 Stability

One point to mention is that even though the breadboard was not only on an optical table,
but also stacked on an additional damping plate (on which the breadboard was mounted),
the phase was periodically but irregularly changing. The reason is most probably thermal
variations in the surrounding and between optical elements. Due to this effect the laser spot
was transitioning between constructive and destructive interference during the alignment
procedure. Hence, this interferometer under such circumstances is not stable and must even-
tually be considered for data analysis. In section 4.1 this will be discussed and concluded if,
due to this fact, poissonian statistics is sufficient to describe photon uncertainties or different
statistical analyzation methods have to be applied.

3.4 Measurement procedure

Because of the mechanical instability beside the typical measurement fluctuations, it was
not possible to change the voltage on the piezo element at a stepwise, low constant rate.
Instead, changing the voltage manually and continually, while monitoring the coincidence
rate and as well as using a function generator8 - connected to an amplifier9 - that generates a
linear ramp signal at low frequency has the same effect. With this procedure the magnitude

8Model: Agilent 33250A 80MHz Function/Arbitrary Waveform Generator
9Model: piezosystem jena ENT 400
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Fig. 13: Simulated coincidence peaks. This plot illustrates a histogram of the coincidences,
which are calculated over the second order correlation function g(2). Each peak in
the middle has a side-peak to the left or right (symmetric), indicating a length dif-
ference of around 1000ps ≈ 30cm in one arm. For demonstration, the coincidence
peaks of only two detector-pairs are given. The other two pairs show the same be-
haviour.

of the fluctuations can be seen and a decision can be made on the spot if the measured phase
curves are suitable for analysis or if more data is needed.
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4 Results

During the monitoring of the coincidences the integration time was set at 500ms while
for the analysis (and therefore all following plots) a time of 1s was chosen. Also, plots in
which data points are connected (and without error bars) serve as a demonstration of the
respective principle since with that amount of data, visibility curves or fluctuations would
not be recognizable. Analyzed data is depicted correctly. The legend’s notation is given by
the detector-pairs, e.g. 13 are the coincidences between detector 1 and 3.

4.1 Data analysis

The aforementioned instability of the interferometers has two origins. First, the most do-
minant part, are the random phase-shifts caused by thermal variations in the environment
between and around the optical elements. This variation can be seen in Fig. 14. In 500s
without changing the setup, one can see that the phase changes irregularly fast, rendering
any measurement impossible.

Fig. 14: A 500s measurement without interacting with the setup. Phase-shifts occur unperi-
odically and randomly.

The second source has only an immaterial effect on the coincidence measurements. In one
interferometer the single counts drop over time, while in the other they are more stable.
Polarization drifts in the fibres are probably the reason for the losses - mostly in the fibres
of the MCF. So after a certain time, the polarization had to be adjusted via the PCs. In Fig.
15 the single counts of each detector is depicted, where the loss in two channels is clearly
visible. But as mentioned, they are not influencing the visibility but rather the heralding, so
this can be neglected.
Fig. 14 is an extreme case of those fluctuations. Since the coincidence counts where monito-
red while measuring, it could be seen that the interferometers are sometimes stable enough
and those fluctuations are not visible in the measurements. Hence, when the measurements
where stable, the data can be used for analysis using poissonian statistics.
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Fig. 15: Single counts of each detector channel for around 500s. Due to polarization drifts
in the fibres the two channels of one interferometer experience losses.

The dark-count rate for the four interesting detector-pairs can be seen in Fig. 16, where it
can be observed that they do not exceed 17 counts per second. On average, each channel has
following average accidentals Ā per second:

Ā12 = 6 Ā23 = 8
Ā13 = 7 Ā24 = 5
Ā14 = 4 Ā34 = 5

Those will be subtracted from their respective channels. As already discussed in chapter
2.3, two detector pairs do not show coincidences, namely 1 and 4 as well as 2 and 3. The
measurements of those can be seen in Fig. 17. They will not be included in the plots for the
visibility curves, since they are of no interest due to the almost zero coincidences.

4.2 Measurement

The measurements were done in two ways: Either by changing the voltage at the piezo
element by hand continuously or using a function generator (ramp, 3Hz), while simulta-
neously watching the coincidence rates. An example of a manually changed measurement
can be viewed in Fig. 18. In this plot, the phase curves are clearly visible and fluctuations
are not that large - in this case they probably stem from irregular modification of the volta-
ge, since it is hard to change it by hand at an equal constant rate. Two measurements that
were done using the function generator are depicted in Fig. 19. The left one shows a 90s
run, while the right one was measured for almost 500s. The longer run shows some strong
fluctuations in the range of 280s− 400s, which occurred when the voltage was manually
changed, the ramp frequency got modified or the generator reached its maximum voltage
output and regulated it back down (this happens faster than the ramp frequency). In both ca-
ses, the instability of the interferometers cannot be observed. So compared to the ”by-hand
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Fig. 16: Dark-counts for each detector-pair, except those with no correlations. For over 400s
they are not larger than 17 counts per second.

Fig. 17: Coincidence rate between detectors 2 and 3, as well as 1 and 4. The reason for the
negative counts is the subtraction of the mean dark-count number. So channel 14 is
almost at the zero level, while 23 is slightly above.
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Fig. 18: 120s measurement while changing the length of one arm by hand continuously and
at an almost constant rate.

Fig. 20 Fig. 21 Fig. 22 (up) Fig. 22 (down)
V12 0.859(51) 0.970(66) 0.970(62) 0.947(56)
V13 0.897(54) 0.945(60) 0.937(51) 0.973(56)
V24 0.912(44) 0.927(73) 0.923(59) 0.972(66)
V34 0.852(38) 0.936(66) 0.945(61) 0.955(59)

Tab. 1: Computed visbilities from the plots with their respective uncertainties, calculated
using gaussian error-propagation.

measurement” the function generator produces the best results. Also, the curves match the
probabilities in Eq. (28).

4.3 Visibilities

In the following, we will analyze the visibilities of the conducted measurements. For that,
three runs are taken for illustration. From those runs the data was fitted with a sine (squa-
red) function inside a certain range, as we expect them to behave as given by Eq. (23). The
visibilities are then calculated from this fit via Eq. (24), where C are now the coincidences.
Fig. 20 illustrates the manually changed measurement run. The figure on the right shows
the range marked on the left with the computed fit. Even in this case, a visibility between
85%−91% was achieved, which is good enough for QKD applications.
For the measurements with the function generator, Fig. 21 shows the visibilites of one run,
while Fig. 22 is the the same as Fig. 19 (right) but the end has been cut out. The visibi-
lities for those generator assisted runs are all above 90%, even reaching 97.2%. In tab. 1
all visibilities incl. their uncertainties (computed using Gauss error-propagation) are listed
regarding the shown plots.
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Fig. 19: (Left) 90s measurement using a function generator. (Right) 500s measurement - the
inconsistency between 280s and 400s occurs when the voltage was manually chan-
ged, the ramp frequency got modified or the generator reached its maximum voltage
output and regulates it back down (this happens faster than the ramp frequency)

Fig. 20: (Left) 120s measurement while changing the length of one arm by hand and con-
tinuously. (Right) A fitted cut-out range. The visibilities are: V13 = 0.897(54),
V12 = 0.859(51), V24 = 0.912(44) and V34 = 0.852(38).
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Fig. 21: (Left) Measurement with the function generator. The fluctuations before the mar-
ked range comes from changing settings on the generator. (Right) Visibility curve
within the marked range. Visibilities can be seen atop of the figure - they are all
above 90%. Uncertainties are listed in tab. 1.

Fig. 22: (Left) This is the same run as in Fig. 19 (right) but before the large fluctuations.
(Right) Again, the visibilites go way above 90% even reaching 97%. Uncertainties
are listed in tab. 1.
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5 Conclusion

Even though the setup was unstable and two different methods of measurements were used,
the proof-of-principle of non-local interference via path entanglement could be shown, whe-
re a multicore fibre was used for transmission. By modifying the phase manually, a visibility
of above 91% was achieved. When using a function generator the visibility even reached
97%. This result can be improved by fixing the stability issue - by a better isolation from
the environment, getting rid of the polarization drifts inside the fibres or with laser stabi-
lization. In each visibility plot a phase shift can be observed (maxima and minima are not
aligned properly), a reason for that can be a small length difference in the interferometer
arms. In this case the coincidence peaks could be covered from the main peak, making them
impossible to see. Those still have to happen within the coherence length of the photons and
therefore does not affect the visibilities. The visibility is basically a measure of how good
the interference is. However, to see how good the entanglement itself is, one can calcula-
te off-diagonal elements of the density matrix and compute the fidelity. This was done in
further analysis of the data in [64]. There it was shown that the path visibility corresponds
to an off-diagonal element of ⟨A1A2|ρ|B1B2⟩ = 0.24 and hence a fidelity of Fpath = 0.953.
This experiment shows that a MCF is suitable for entanglement distribution by spatial mul-
tiplexing, enhancing the transmission capacity compared to a SMF. Due to the rotationally
symmetric emission of the SPDC source, this method can be assumed to work for every
other core pair, not only for these randomly selected cores. Operating this experiment with
a wavelength of 1560nm makes this method applicable for already existing telecommuni-
cation infrastructure. The same setup with an additional Franson interferometer was used to
even show hyperentanglement in three degrees of freedom, but due to the limited detector
channels only subsequently and not in parallel [64].

However, reaching such high visibilites also allows the usage of this principle for QKD
applications, where the lower boundary for this employment lies at 81%. Using this type
of entanglement for QKD is currently starting to get researched. For example, using a MCF
and changing the phase in one arm, one can alter the output paths of the entangled photons
and therefore transmit them to other parties through the same channel. It has already been
shown that path-entanglement as a part of hyperentangled states can lead to high key rates,
even in very noisy environments [65]. New methods regarding path-entanglement and QKD
will follow in the near future.

- 31 -



Master’s Thesis

References

[1] R.L. Rivest, A. Shamir, and L. Adleman. A method for obtaining digital signatures
and public-key cryptosystems. Communications of the ACM, 21:120–126, 1978.

[2] W. K. Wootters and W. H. Zurek. A single quantum cannot be cloned. Nature,
299(5886):802–803, October 1982.

[3] C. H. Bennett and G. Brassard. Quantum cryptography: Public key distribution and
coin tossing. In Proceedings of IEEE International Conference on Computers, Sys-
tems, and Signal Processing, page 175, India, 1984.

[4] R. Ursin, F. Tiefenbacher, T. Schmitt-Manderbach, H. Weier, T. Scheidl, M. Lin-
denthal, B. Blauensteiner, T. Jennewein, J. Perdigues, P. Trojek, B. Ömer, M. Fürst,
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[43] S. P. Walborn, C. H. Monken, S. Pádua, and P. H. Souto Ribeiro. Spatial correlations
in parametric down-conversion. Physics Reports, 495(4-5):87–139, October 2010.

[44] Evelyn A. Ortega, Jorge Fuenzalida, Mirela Selimovic, Krishna Dovzhik, Lukas
Achatz, Sören Wengerowsky, Rodrigo F. Shiozaki, Sebastian P. Neumann, Martin Boh-
mann, and Rupert Ursin. Spatial and spectral characterization of telecommunication-
wavelength photon pairs created in a type-0 mgo:ppln crystal. In preparation.

[45] Sebastian Philipp Neumann. Towards narrow-band photon pair sources for continuous-
wave entanglement swapping. Master’s thesis, University of Vienna, 2015.

[46] A. Zeilinger. General properties of lossless beam splitters in interferometry. American
Journal of Physics, 49(9):882–883, September 1981.

[47] Evelyn A. Ortega, Krishna Dovzhik, Jorge Fuenzalida, Sören Wengerowsky, Ju-
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