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Abstract

Quantum key distribution has recently experienced an increase in public interest due

to the first intercontinental exchange of quantum-encrypted messages. Many related

disciplines are benefiting from this fascination as well as from the technological progress

that accompanies such satellite experiments. Exemplary for this is the photon source

presented here, which was developed with the high demands of satellite missions in

mind. Using this new tool, we conducted three independent experiments.

In our first experiment we proved the stability of the source under severe stress in

a centrifuge and a drop tower. This impressively demonstrated the technical maturity

of quantum optics outside the laboratories and beyond trifilar air-suspended tables.

Thus, for the first time, the opportunity arose to systematically test photonic quantum

entanglement in accelerated reference frames.

In the second experiment we constructed a gyroscope based on two-photon interfer-

ence. With this fiber optic sensor the absolute rotation with respect to inertial space

was measured with a precision beyond the shot-noise limit.

In the last of the three experiments conducted we send the photon pairs generated

by the source over a 1.2 km-long free-space link through turbulent air across Vienna.

Using a receiver designed for this purpose, we investigated the visibility of second-order

interference, which is a process of fundamental importance for the implementation of

quantum repeaters in future networks.
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Vorwort

Die Quantenkryptographie erfährt in jüngster Zeit einen Zuwachs an öffentlichem In-

teresse aufgrund des ersten interkontinentalen Austauschs von quantenverschlüsselten

Nachrichten. Von dieser Faszination und dem technologischen Fortschritt, welchen

derartige Satellitenexperimente mit sich bringen, profitieren viele angrenzende Fachge-

biete. Beispielhaft dafür ist die hier vorgestellte Photonenquelle, die im Hinblick auf die

hohen Anforderungen von Satellitenmissionen entwickelt wurde. Mit diesem Werkzeug

in Händen führen wir drei voneinander unabhängige Experimente durch.

Zuerst stellen wir die Stabilität der Quelle unter enormer Belastung in einer Zen-

trifuge und einem Fallturm unter Beweis. Wir demonstrieren dabei eindrücklich, dass

verschränkte Photonen auch abseits von luftgefederten Labortischen zum Einsatz ge-

bracht werden können, und suchen systematisch nach Abweichungen von der Standard-

theorie der Quantenmechanik in unterschiedlich stark beschleunigten Bezugssystemen.

Für ein zweites Experiment konstruieren wir ein auf Zwei-Photonen Interferenz

basierendes Gyroskop, mit dem wir die Absolutrotation bezüglich des Inertialraumes

mit einer Präzision vermessen, welche mit klassischem Licht mit vergleichbarer Inten-

sität wegen des fundamentalen Schrotrauschens der einzelnen Photonen nicht erreicht

werden kann.

Abschließend schicken wir die von der Quelle erzeugten Photonenpaare über eine

Distanz von 1.2 km durch den städtischen Nachthimmel von Wien. Mit einem eigens

dafür konstruierten Empfänger untersuchen wir die Sichtbarkeit von Interferenz zweiter

Ordnung welche von fundamentaler Bedeutung für die technische Realisierung von

Zweigstellen in zukünftigen Quantennetzwerken ist.
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1 Introduction

Entanglement, as predicted by quantum mechanics, refers to correlations between sub-

systems of a compound quantum state. This collective behavior of the entangled state

is maintained even in situations where interaction or information exchange between the

individual constituents can be excluded [1

.

]. The question, therefore, arises as to how

such correlations are sustained. This question is not answered by quantum mechanics,

however, this phenomenon is described very precisely. Einstein, Podolsky, and Rosen

therefore drew the conclusion that quantum mechanics is an incomplete description of

reality [2

.

]. Attempts to extend this scientific theory by hidden-variables [3

.

] in order to

explain this “spooky action at a distance” could be ruled out experimentally [4

.

, 5

.

, 6

.

] us-

ing Bell-like inequalities [7

.

]. From today’s perspective, such states are called non-local,

suggesting that they refuse to fit into our concepts of space and time. However, due

to the quantum mechanical description of entangled systems, we are able to provide

accurate predictions and use them in various applications.

In quantum cryptography, entangled photons come into use as they can be trans-

mitted over long distances and possess properties such as polarization that are hardly

influenced by the environment. Their correlations in polarization leads to identical

measurement results in distant observers. This allows the generation of a symmetric

digital key which can be used to encrypt secret messages [8

.

]. Rather than relying on

a messenger in the classical sense, this concept depends on a natural phenomenon de-

scribed in quantum mechanics as the no-cloning theorem [9

.

]. In times of global data

exchange, this technology can be utilized to protect the right to privacy of commu-

nications as enshrined in the Universal Declaration of Human Rights∗

.

. For a future

global quantum network, optical free-space links are a necessary ingredient in order to

overcome large distances [11

.

]. Approaching this ambitious goal, the first intercontinen-

tal quantum key distribution via a satellite link has recently been demonstrated [12

.

],

leading to an increased public interest in this topic.

However, quantum optical effects are not only used in space, but also underground.

Quantum metrology uses non-classical states of light in optical sensors in order to im-

∗Article 12 of The Universal Declaration of Human Rights [10

.

]: ”No one shall be subjected to

arbitrary interference with his privacy, family, home or correspondence, nor to attacks upon his honour

and reputation. Everyone has the right to the protection of the law against such interference or attacks.”

1



Introduction

prove their precision. In this way, an improvement of the resolution in the detection

of gravitational waves could be achieved with LIGO using squeezed states of light [13

.

].

Such effects can also be achieved with so-called NOON states [14

.

]. The collective be-

havior of this state consisting of N photons causes all photons to be in one of two paths;

it is uncertain in which path all photons are in [15

.

]. Such path-entangled states are

used in interferometric measurements and provide a signal that oscillates N times faster

than the signal obtained from independent photons with respect to a relative phase be-

tween the paths [16

.

]. This effect is called super-resolution and may lead to precision

which beats the shot-noise limit (SNL). This is remarkable since this limit cannot be

undercut by measurements with classical states of light whose signal is perturbed by

the fundamental quantization noise of the individual photons.

Entanglement is a resource for emerging applications such as quantum metrology

and quantum cryptography, which are just making a leap from the laboratory into

practice. In these promising applications, entanglement at the push of a button is

required without worrying about its formation or stability. Outside a laboratory en-

vironment, unfavorable conditions such as temperature fluctuations, vibrations, dust,

or atmospheric turbulence prevail for precision experiments. For this reason, we devel-

oped a mobile plug-and-play testbed for quantum entanglement which is easy to use

and can withstand adverse conditions. The result of our efforts is a crate containing

a small quantum laboratory, including all necessary optical and electronic equipment.

The two-photon state generated by the autarkic unit can be used with much versatil-

ity. This state can be described as a NOON state in polarization modes which shows

super resolution in polarization measurements. By means of a polarizing beam split-

ter, this state can be converted into a path-entangled two-photon state and deployed

in conventional interferometers. The random splitting at a beam splitter cube allows

the generation of a polarization-entangled state in post-selection. Using this tool, we

conducted three independent experiments.

1) Entanglement in Accelerated Reference Frames

The stable performance of our mobile quantum laboratory will be verified under severe

stress in a drop tower and a centrifuge experiment, experiencing uniform acceleration

ranging from 0.03 g to up to 30 g. During these experiments we generate polarization-

entangled photons, whose entanglement is verified within the autarkic crate. This is

the first systematic test of a non-local state in accelerated reference frames to demon-

strate the extent to which such a gray area of theory between quantum mechanics and

relativity can be accessed with state-of-the-art quantum optics hardware.

2



2) Entanglement Enhanced Optical Gyroscope

A fiber optic gyroscope measures the absolute rotation with respect to inertial space

by utilizing the Sagnac effect. By integrating a fiber-coil-based Sagnac interferometer,

our crate is turned into a device which can be operated with NOON states. The super-

resolution provided by such two-photon state enables us to achieve sub-SNL precision

in measuring absolute rotation. Subsequently, we will discuss the impact of photonic

loss within the fiber and prerequisites for possible applications.

3) Two-Photon Interference and Transmission despite Atmospheric Turbulence

A facility suitable for optical free-space connections in urban areas was established.

The receiver module will be used to impose a polarization-dependent time delay on the

received photons. This facility can be utilized for the verification of polarization- and

hyper-entangled photons after transmission through turbulent air across Vienna [17

.

].

With the photon pairs generated by the source of the crate and sent via a 1.2 km-long

free-space link, we will examine the second-order interference visibility of the collinear

transmitted photons. Such two-photon interference is a process of fundamental impor-

tance for quantum repeaters dealing with photons protected by the no-cloning theorem.

This experiment represents a vital next step toward approaching the implementation

of such nodes in future quantum networks.

3





2 Fundamentals

The experiments in the following chapters are based on the phenomenon of quantum

entanglement. This chapter provides a brief introduction to this topic to better un-

derstand the potential for technical applications of these intriguing quantum states. A

more detailed introduction can be found in the book “Entangled Systems” by Jürgen

Audretsch [18

.

].

Using the simplest two-level quantum system, the qubit, we will discuss quantum

mechanical notions such as pure and mixed states as well as quantum measurements.

Next, we illustrate the experimental test of non-locality by means of the Einstein,

Podolsky, and Rosen paradox and Bell’s inequality. Following “Relations between En-

tanglement Witnesses and Bell Inequalities” by Hyllus et al. [19

.

], we then show that

the entanglement of the photon state used in the later experiments can be verified by

just two measurement settings. In the last section of the chapter, two-photon inter-

ference, which is of fundamental importance for many applications in quantum optics,

will be introduced briefly.

2.1 Qubits

The state of a quantum system is represented by a vector of dimension D, residing

in a complex vector space called Hilbert space HD. A prototypical example of a two-

dimensional Hilbert space is formed by polarization vectors |p⟩ ∈ H2

|p⟩ =

(
a

b

)
= (a, b)† = ⟨p|† a, b ∈ C (2.1)

with a scalar product

⟨p|p⟩ = (a, b)

(
a

b

)
= (aa+ bb). (2.2)

The vectors

|H⟩ =

(
1

0

)
and |V⟩ =

(
0

1

)
(2.3)

5



Fundamentals

denote horizontal and vertical polarization and form a basis in H2. Any polarization

state |p⟩ can be written as a linear superposition of the basis vectors

|p⟩ = a |H⟩+ b |V⟩ (2.4)

with the norm ∥|p⟩∥ =
√
⟨p|p⟩ =

√
|a|2 + |b|2 = 1 and a, b ∈ C. Such two-

dimensional quantum states are referred to as qubits, which can be seen by assigning

|O⟩ ≡ |H⟩ and |I⟩ ≡ |V⟩ to the basis vectors. In the case of a = 1 (a = 0), such a

qubit |Qbit⟩ = a |O⟩ + b |I⟩ carries the classical information 0 (1), respectively. The

advantageous difference to a classical bit is the ability of the qubit to be in a linear

superposition of |O⟩ and |I⟩.

2.2 Mutually Unbiased Bases (MUB)

Besides |H⟩ and |V⟩, there are two other common sets of basis vectors, the diagonal

and anti-diagonal polarization

|D⟩ = 1√
2
(|H⟩+ |V⟩) and |A⟩ = 1√

2
(|H⟩ − |V⟩) (2.5)

and the right-hand and left-hand circular polarization

|R⟩ = 1√
2
(|H⟩ − i |V⟩) and |L⟩ = 1√

2
(|H⟩+ i |V⟩). (2.6)

Each of the states {|H⟩ , |V⟩}, {|D⟩, |A⟩}, and {|R⟩, |L⟩} can be projected onto a

state of another set with a probability of 1/2. Such sets of basis vectors are called

mutually unbiased. In a Hilbert space of dimension D = 2, a maximum number of

three mutually unbiased bases can be found [20

.

, 21

.

]. Such MUBs are of fundamental

importance in quantum cryptography. A qubit can be coded in any of these vector

sets. If a qubit is prepared in the DA basis in the state |I⟩DA ≡ |A⟩, this information

can only be extracted by a measurement in the corresponding basis. A measurement in

the HV basis yields a random result of |O⟩HV ≡ |H⟩ or |I⟩HV ≡ |V⟩ with a probability

of 1/2 each.

2.3 Projection Operators

The most fundamental measurements in quantum mechanics are projective measure-

ments. Such projections onto normalized states (e.g.: |b⟩) are described by projection

operators

6



2.3 Projection Operators

Π̂ = |b⟩⟨b| =

⎛⎜⎜⎜⎜⎜⎝
b1

b2

...

bD

⎞⎟⎟⎟⎟⎟⎠
(
b1, b2, · · · , bD

)
=

⎡⎢⎢⎢⎢⎢⎣
b1b1 b1b2 · · · b1bD

b2b1 b2b2 · · · b2bD

...
...

. . .
...

bDb1 bDb2 · · · bDbD

⎤⎥⎥⎥⎥⎥⎦ , (2.7)

with the eigenvector |b⟩ associated with the eigenvalue 1 and a set of linearly inde-

pendent eigenvectors {
⏐⏐b⊥⟩} associated with the eigenvalue 0. The probability to detect

system |q⟩ in state |b⟩ can be calculated via ⟨q| Π̂ |q⟩. After projection, the system is

described by the eigenvector of the operator |b⟩. Any further projection (Π̂2 = Π̂n = Π̂)

of the state results in |b⟩ with unit probability.

A projection of polarization states can be achieved by means of a polarizer. If

the transmission axis of such a polarizer is oriented horizontally, the corresponding

projection operator is represented by Π̂H = |H⟩ ⟨H|. Thus, the probability of measuring

|p⟩ (see Equation 2.4

.

) in mode |H⟩ is ⟨p| Π̂H |p⟩ = ⟨p| |H⟩ ⟨H| |p⟩ = aa = |a|2.
In a two-dimensional Hilbert space, a projection onto any normalized state |p⟩ cor-

responds to a (complex) Hermitian 2x2 matrix Π̂ = Π̂† with

Tr
(
Π̂
)
= Tr (|p⟩⟨p|) = ⟨H| |p⟩⟨p| |H⟩+ ⟨V| |p⟩⟨p| |V⟩ = aa+ bb = 1. (2.8)

The trace is invariant with respect to a change of basis. Such operators may be

expressed in terms of the Pauli matrices σ̂i, which together with the unit matrix σ̂0

form a basis of the four-dimensional real vector space of all complex Hermitian 2x2

matrices.

σ̂0 =

[
1 0

0 1

]
σ̂1 =

[
0 1

1 0

]
σ̂2 =

[
0 −i

i 0

]
σ̂3 =

[
1 0

0 −1

]
(2.9)

These fundamental Pauli operators have properties relevant for further calculation:

Tr (σ̂0) = 2 (2.10)

Tr (σ̂i) = 0 (2.11)

σ̂2µ = σ̂0 (2.12)

σ̂iσ̂j = δij σ̂0 + iϵijk σk (2.13)

[σ̂i, σ̂j ] = σ̂iσ̂j − σ̂j σ̂i = 2iϵijkσ̂k, (2.14)

with Latin indices ∈ [1, 2, 3], Greek indices ∈ [0, 1, 2, 3], and the Levi-Civita sym-

7
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bol∗

.

denoted by ϵijk. With the Pauli representation each projection operator can be

expressed in terms of the vector components ni on the Poincaré sphere (see Figure 2.2

.

)

Π̂ =
1

2

3∑
µ=0

nµσ̂µ =
n0
2
σ̂0 +

3∑
i=1

ni
2
σ̂i (2.15)

Since the trace of a projection operator (Equation 2.8

.

) equals one

Tr
(
Π̂
)
=
n0
2
Tr (σ̂0) +

3∑
i=0

ni
2
Tr (σ̂i) =

n0
2
Tr (σ̂0) = n0 = 1, (2.16)

Equation 2.15

.

reduces to

Π̂ =
1

2
(σ̂0 + niσ̂i) , (2.17)

where we have used the Einstein notation of summation over identical indices. Two

projectors Π̂l = |bl⟩⟨bl| and Π̂k = |bk ⟩⟨bk| are orthogonal to each other with respect to

the trace product of matrices Tr
(
Π̂lΠ̂k

)
= δl,k iff ⟨bl |bk⟩ = δl,k. From the orthogonality

of tow projectors

Tr
(
Π̂l Π̂k

)
=

1

4
Tr ((σ̂0 + niσ̂i) (σ̂0 +mj σ̂j))

=
1

4
Tr ((σ̂0 +mj σ̂j + niσ̂i + nimj σ̂iσ̂j))

=
1

4
(2 + 0 + 0 + 2nimjδi,j)

=
1

2
(1 + nimi)

=
1

2
(1 + n⃗.m⃗)

(2.18)

it follows that the vectors n⃗.m⃗ = −1 are antiparallel and normalized

∥n⃗∥2 = ∥m⃗∥2 = 1. Table 2.1

.

shows projectors corresponding to common basis vec-

tors and their decomposition into Pauli matrices.

Using the Pauli representation, it can easily be proven that projections on basis

vectors of different sets do not commute:

∗ϵijk =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
+1 if (i, j, k) is an even permutation of (1,2,3)

−1 if (i, j, k) is an odd permutation of (1,2,3)

0 else
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2.4 Quantum Measurement

Projector Bracket Matrix Pauli Decomposition n⃗ = (n1, n2, n3)

Π̂H |H⟩⟨H|

[
1 0

0 0

]
1
2 (σ̂0 + σ̂3) (0, 0, 1)

Π̂V |V⟩⟨V|

[
0 0

0 1

]
1
2 (σ̂0 − σ̂3) (0, 0,−1)

Π̂D |D⟩⟨D| 1
2

[
1 1

1 1

]
1
2 (σ̂0 + σ̂1) (1, 0, 0)

Π̂A |A⟩⟨A| 1
2

[
1 −1

−1 1

]
1
2 (σ̂0 − σ̂1) (−1, 0, 0)

Π̂R |R⟩⟨R| 1
2

[
1 −i

i 1

]
1
2 (σ̂0 + σ̂2) (0, 1, 0)

Π̂L |L⟩⟨L| 1
2

[
1 i

−i 1

]
1
2 (σ̂0 − σ̂2) (0,−1, 0)

Table 2.1 Projectors onto common basis vectors and their decomposition into Pauli

matrices.

[(σ̂0 + σ̂i) , (σ̂0 ± σ̂j)] = σ̂0 ± σ̂j + σ̂i ± σ̂iσ̂j − σ̂0 − σ̂i ∓ σ̂j ∓ σ̂j σ̂i (2.19)

= ±[σ̂iσ̂j ] (2.20)

= ±2iϵijkσ̂k (2.21)

̸= 0 ∀i ̸= j. (2.22)

Due to Heisenberg’s uncertainty principle, any pair of observables represented by

non-commuting operators cannot be measured simultaneously with high accuracy. In

other words, an observer chooses one measurement basis and gains knowledge of the

result. At the same time, however, he completely loses the possibility of knowing the

result of a complementary measurement.

2.4 Quantum Measurement

As mentioned above, the projector |b⟩⟨b| has two eigenvalues λ = {0, 1} which are

associated with the measurement results

• λ = 1 ⇐⇒ “System is in state |b⟩”.

• λ = 0 ⇐⇒ “System is not in state |b⟩”

9
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In general, measurements in quantum mechanics are represented by Hermitian op-

erators called observables Ô = Ô†. These operators associate a state with a number

that is the expectation value of a repeated measurement ⟨p| Ô |p⟩ ∈ R. Such observables

can be decomposed into orthogonal projection operators

Ô =
D∑
i=1

bi |bi⟩⟨bi| =
D∑
i=1

biΠ̂i (2.23)

with eigenvectors |bi⟩ and real eigenvalues bi ∈ R. The set {|bi⟩} with i ∈ [1, ...,D]

is an orthonormal basis of HD.

A measurement with a polarizing beam splitter (PBS) can thus be described by the

observable ÔHV = |H⟩⟨H|−|V⟩⟨V|, where we assign the results +1 and -1 to horizontally

and vertically polarized photons, respectively. Decomposing the projectors into Pauli

matrices results in ÔHV = Π̂H − Π̂V = 1
2 (σ̂0 + σ̂3 − σ̂0 + σ̂3) = σ̂3. A generalized

polarization measurement is obtained by manipulating the polarization in front of the

PBS, for example, by half-wave plates or quarter-wave plates. The associated operator

reads as follows

Ôn⃗ = Π̂− Π̂⊥ =
1

2
(σ̂0 + niσ̂i − σ̂0 + nj σ̂j) = nj σ̂j (2.24)

where n⃗ describes the measurement setting.

2.5 Mixed States

With state vectors, any coherent superposition of states can be represented; such states

are called pure states. In contrast, there are states that are not pure, known as mixed

states. The constituents of such incoherent state mixture have an undefined phase

relation, which is a condition that cannot be specified by a state vector (of the same

dimension). Averaging over such an undefined phase causes decoherence known as the

loss of interference visibility. Such a circumstance can be captured by describing the

state in dependence of an unknown property, which is averaged during the measuring

process.

PBSPBS

Figure 2.1 Unbalanced Mach–Zehnder interferometer with polarizing beam

splitter cubes (PBS).

10



2.5 Mixed States

To illustrate this, imagine a diagonally polarized photon |D⟩ = 1√
2
(|H⟩+|V⟩) passing

through an interferometer (see Figure 2.1

.

). The photon is either transmitted or reflected

by the first polarizing beam splitter cube (PBS). Consequently, we find the photon with

a probability of 1/2 horizontally polarized in the lower path. It is just as likely that

the photon is in the upper path and vertically polarized. A potentially H-polarized

photon is transmitted by the second beam splitter, while a V-polarized photon would

be reflected somewhat later due to the path-length difference. One way or another, at

the end the photon is certainly in the “Exit” path but the polarization state of the

photon depends on the path-length difference of the interferometer:

• If the path-length difference is zero, the coherent superposition of the two modes

leads to 1√
2
(|H⟩+ |V⟩) = |D⟩.

• If the path-length difference is greater than the coherence length of the photon,

the photon is either in state |H⟩ or |V⟩ with a probability of 1/2 each.

In a Hilbert space extended by the temporal information early |e⟩ and late |l⟩, the
state of the second case could also be written as 1√

2
(|H⟩ ⊗ |e⟩ + |V⟩ ⊗ |l⟩) [22

.

]. Note

that such a distinction is impossible if the temporal information of the photon in the

entrance is unknown. A polarization measurement discarding the timing reveals an

average over all possible arrival times. In the first of the two cases there is only one

possible arrival time for which polarization D is obtained. In the second case we find a

mixed state which cannot be denoted by a polarization state vector alone. Describing

such a state by its response to projections

ρ̂mixed
HV =

1

2
(|H⟩⟨H|+ |V⟩⟨V|) . (2.25)

leads to a notation of the mixed state that is independent of the additional property,

which can thus be of arbitrary nature. However, this notation, called the density matrix,

uniquely defines the state of polarization. Pure states can also be specified by means

of density matrices

ρ̂pureD = |D⟩⟨D| = 1

2
(|H⟩⟨H|+ |H⟩⟨V|+ |V⟩⟨H|+ |V⟩⟨V|) . (2.26)

In general, any ρ̂ can be decomposed into orthogonal projectors

ρ̂ =

D∑
i=1

Pi |bi⟩⟨bi| =
D∑
i=1

Pi, Π̂i (2.27)

where Pi are the projection probabilities which add up to one. From
∑

i Pi = 1

it follows that for every valid state (mixed or pure) the trace of the density matrix

11
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must be one Tr (ρ̂) = 1. In a two-dimensional Hilbert space, density matrices can be

decomposed into Pauli matrices (the reasoning is the same as for projectors)

ρ̂ =
1

2
(σ̂0 + siσ̂i) . (2.28)

This means that all states can be uniquely characterized by si, where s⃗ = (s1, s2, s3)

is known as the Stokes vector. Table 2.2

.

shows the most common polarizations and

their representation as a state vector, density matrix, and Stokes vector.

State Vector ρ̂ (s1, s2, s3)

|H⟩ |H⟩⟨H| (0,0,1)

|V⟩ |V⟩⟨V| (0,0,-1)

|D⟩ 1
2 (|H⟩⟨H|+ |H⟩⟨V|+ |V⟩⟨H|+ |V⟩⟨V|) (1,0,0)

|A⟩ 1
2 (|H⟩⟨H| − |H⟩⟨V| − |V⟩⟨H|+ |V⟩⟨V|) (-1,0,0)

|R⟩ 1
2 (|H⟩⟨H| − i |H⟩⟨V|+ i |V⟩⟨H|+ |V⟩⟨V|) (0,1,0)

|L⟩ 1
2 (|H⟩⟨H|+ i |H⟩⟨V| − i |V⟩⟨H|+ |V⟩⟨V|) (0,-1,0)

Table 2.2 Common polarizations and their representation as a state vector, density

matrix ρ̂, and Stokes vector s⃗ = (s1, s2, s3)

The expectation value of an observable can be calculated via Tr
(
ρ̂ Ô

)
. The pro-

jection Π̂ of a state defined by s⃗ yields a probability of

Tr
(
ρ̂ Π̂
)
=

1

4
Tr ((σ̂0 + siσ̂i) (σ̂0 + nj σ̂j))

=
1

4
Tr (σ̂0 + nj σ̂j + niσ̂i + sinj σ̂iσ̂j)

=
1

4
(2 + 0 + 0 + sinj2δi,j)

=
1

2
(1 + sini) . (2.29)

The states from the interferometer example ρ̂pureD = 1/2(σ̂0 + σ̂1) and ρ̂mixed
HV = σ̂0

are represented by the Stokes vectors s⃗ p
D = (1, 0, 0) and s⃗ m

HV = (0, 0, 0), and a projective

measurement in path “Exit” of the interferometer result in

Tr
(
ρ̂pureD Π̂

)
=

1

2

(
1 + s⃗ p

D n⃗
)
= n1 (2.30)

Tr
(
ρ̂mixed
HV Π̂

)
=

1

2
(1 + s⃗ m

HVn⃗) =
1

2
. (2.31)

The mixed state can be projected onto any pure state with a probability of 1/2.

Such states are called maximally mixed. For ρ̂pureD = |D⟩⟨D| we find a unity projection

12



2.5 Mixed States

probability for the projector Π̂D = |D⟩⟨D| which corresponds to the vector n⃗ = (1, 0, 0).

Of course, any other pure state can be projected onto itself with a probability of one.

This insight can be used to classify pure states

Tr
(
ρ̂2
)
=

1

2

(
1 + ∥s⃗∥2

) ⎧⎨⎩= 1 pure state

< 1 mixed state,
(2.32)

where Tr
(
ρ̂2
)
is called the purity of the state ρ̂. The set of Stokes vectors with a

unit length represent the surface of a sphere known as the Poincaré sphere (see Figure

2.2

.

). All vectors with ∥s⃗∥2 < 1 correspond to mixed states.

Figure 2.2 Poincaré sphere: Polarization state depicted as a Stokes vector on the

Poincaré sphere.

2.5.1 Entangled Photons

Two quantum states |ϕ⟩A ∈ HA and |ψ⟩B ∈ HB can be considered as a composite

quantum system, which is described by the product states |ϕ⟩AB
sep = |ϕ⟩A ⊗ |ψ⟩B ∈ H of

the product space H = HA ⊗HB
†

.

. Any state |ϕ⟩AB
sep ∈ HA ⊗HB that can be written

as a direct tensor product of two state vectors is called product or separable state.

However, the product space also includes non-separable states like

|ϕ⟩AB
ent =

1√
2

(
|ϕ⟩A ⊗ |ψ⟩B + |ψ⟩A ⊗ |ϕ⟩B

)
, (2.33)

where the state of one photon depends on the state of the partner photon. Any

state vector |ϕ⟩AB ∈ HA ⊗HB that cannot be written as a direct product of two state

vectors is said to be non-separable or entangled.

†with D = DA ×DB for finite-dimensional subspaces
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In the following, we will largely refrain from explicitly writing the tensor product

and denote such states using |ϕ⟩A ⊗ |ψ⟩B = |ϕ⟩A |ψ⟩B. A basis in the product space of

polarization states (D = 2×2 = 4) is formed by the set {|Φ+⟩ , |Φ−⟩ , |Ψ+⟩ , |Ψ−⟩} with

⏐⏐Φ±⟩ = 1√
2

(
|H⟩A |H⟩B ± |V⟩A |V⟩B

)
(2.34)⏐⏐Ψ±⟩ = 1√

2

(
|H⟩A |V⟩B ± |V⟩A |H⟩B

)
. (2.35)

These four states are called Bell states, and each of them is maximally entangled.

The corresponding density matrices are

ρ̂Φ± =
⏐⏐Φ±⟩⟨Φ±⏐⏐ = 1

4

(
σ̂A0 σ̂

B
0 ± σ̂A1 σ̂

B
1 ∓ σ̂A2 σ̂

B
2 + σ̂A3 σ̂

B
3

)
(2.36)

ρ̂Ψ± =
⏐⏐Ψ±⟩⟨Ψ±⏐⏐ = 1

4

(
σ̂A0 σ̂

B
0 ± σ̂A1 σ̂

B
1 ± σ̂A2 σ̂

B
2 − σ̂A3 σ̂

B
3

)
, (2.37)

where we have omitted the tensor product between the Pauli matrices σ̂Aµ and σ̂Bν

which act in subspace HA and HB, respectively. Such entangled states have properties

which are well defined for the composite system. Such properties, however, cannot be

revealed by an observer of a single subsystem. For example, the composite polariza-

tion of |Ψ−⟩ is a pure state which is anti-correlated in all MUBs. Nevertheless, the

polarization of the individual subsystems is described by a mixed state. To see this, we

consider a projective measurement of the photon in subspace A. Such local polarization

measurement is expressed by the operator Π̂n⃗1 = |p⟩AA⟨p| ⊗ 1̂B = 1/2(σ̂A0 + nlσ̂
A
l )⊗ σ̂B0

‡

.

.

Tr
(
Π̂n⃗1ρ̂Ψ−

)
=

1

2

1

4
Tr
(
(σ̂A0 σ̂

B
0 + nlσ̂

A
l σ̂

B
0 )(σ̂

A
0 σ̂

B
0 − σ̂A1 σ̂

B
1 − σ̂A2 σ̂

B
2 − σ̂A3 σ̂

B
3 )
)

=
1

2

1

4
(4 + nl 4δl,0)

=
1

2
(2.38)

The probability of the projection yields 1/2 for arbitrary measurement setting

n⃗. Measuring the B subsystem instead of the A subsystem yields the same result

Tr
(
Π̂1n⃗ρ̂Ψ−

)
= 1/2 with Π̂1n⃗ = 1̂A ⊗ |p⟩BB⟨p|. So, if only one constituent is available

for a local measurement, we have to conclude that the photon is in a mixed state.

After the projective measurement of the photon in subspace A, the composite system

is in the product state

‡Tr
(
σ̂A
µ ⊗ σ̂B

ν

)
= T̂r

A (
σ̂A
µ

)
T̂r

B (
σ̂B
ν

)
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√
2 |p⟩AA⟨p|

⏐⏐Ψ−⟩ = √
2
(
a |H⟩A + b |V⟩A

)(
A⟨V| b+ A⟨H| a

) ⏐⏐Ψ−⟩
= |p⟩A

(
−b |H⟩B + a |V⟩B

)
= |p⟩A

⏐⏐⏐p⊥⟩B , (2.39)

with
⏐⏐p⊥⟩ = −b |H⟩+ a |V⟩ and

⟨
p
⏐⏐p⊥⟩ = 0. The projection probability of a subse-

quent local measurement on the second subsystem can thus be predicted with a prob-

ability equal to one. The local measurement of the first subsystem thus affected the

state of the second subsystem. Note that the above calculation is valid for projections

onto arbitrary polarization measurements and any distance between the subsystems.

2.6 EPR and Local Hidden Variables

Einstein, Podolsky, and Rosen (EPR) formulated three key assumptions about physical

theories [2

.

]:

• Locality:“if two systems no longer interact, no real change can take place in the

second system in consequence of anything that may be done to the first system.”

• Realism:“if, without in any way disturbing a system, we can predict with cer-

tainty (i.e., probability equal to unity) the value of a physical quantity, then there

exists an element of reality corresponding to this quantity.”

• Completeness:“every element of the physical reality must have a counterpart in

the physical theory.”

An entangled photon pair in state |Ψ−⟩ can be used to show that these assumptions

contradict quantum mechanics. For this purpose, the constituents of a pair must be

separated by a large distance after generation. The current record holder is an exper-

iment with the satellite Micius, which orbits the Earth at an altitude of 500 km [12

.

].

The photon pairs generated at the satellite were transmitted to the ground stations in

Delingha and Lijiang, which are separated by a distance of 1203 km. Under these cir-

cumstances, it can be assumed that the constituents of |Ψ−⟩ do not interact with each

other when they arrive at the ground stations [1

.

]. Based on the locality assumption we

know that at this point, no manipulation of one photon can have a causal influence on

the state of the other photon.

A local observer in Delingha, let’s call her Alice, can choose any basis for the

polarization measurement of the arriving photon. For example, if Alice chooses the

HV basis, she gets one of two possible outcomes: Either the photon is in state |H⟩ or
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|V⟩. If Alice detects an H polarized photon, she can predict with certainty that the

partner photon of the observer Bob in Lijiang has to be V polarized. According to

EPR (realism), the polarization of Bob’s photon is an element of reality.

Alice, however, could have chosen a different basis for the polarization measurement.

Let’s say she chose the DA basis and got the result |A⟩. In that case, she could say

with certainty that Bob’s photon is D polarized. However, since Alice’s basis choice

cannot affect the photon of Bob (locality), both cases (Bob’s photon is in state |H⟩,
Bob’s photon is in state |D⟩) must have been determined before splitting the photons

(completeness).

However, we know from Equation 2.22

.

that the projectors Π̂V and Π̂D do not com-

mute, which means that these properties cannot be determined simultaneously. EPR

therefore concluded that “the quantum-mechanical description of physical reality given

by wave functions is not complete”. John Stewart Bell picked up on the idea that quan-

tum mechanics should be supplemented with local hidden-variables (LHV) to restore

the completeness [3

.

].

To get an idea of a local hidden-variable, let us consider the following scenario.

A photon with the polarization corresponding to the Stokes vector s⃗ is analyzed by

means of a half-wave plate followed by a polarizing beam splitter (Ôn⃗ = nj σ̂j). After

the measurement, the photon has one of the two polarizations ±n⃗, corresponding to the

measurement results A(n⃗) = ±1. Quantum mechanics merely describes that the state

±n⃗ occurs with a probability of 1
2(1± s⃗.n⃗) and gives no reason why the respective state

occurs. However, one could also imagine that the photon has an additional property.

This local hidden variable can be considered as an additional Stokes vector λ⃗. With

the knowledge of both Stokes vectors λ⃗ and s⃗, the measurement result A
λ⃗
(n⃗) for any

measurement settings n⃗ can be predicted with certainty§

.

.

By successively repeating the experiment with N photons, we observe the mean of

the measurement series ⟨A⟩ = 1/N
∑N

i Ai(n⃗) = s⃗.n⃗, which is correctly predicted by

quantum mechanics

⟨
Ôn⃗

⟩
=

1

2
Tr
(
Ôn⃗(σ̂0 + siσ̂i)

)
= s⃗.n⃗. (2.40)

This expectation value must also be reproduced by the LHV theory, so it is assumed

that the vector λ⃗ is a random variable with a probability distribution of ϱ(λ⃗), where

⟨
A

λ⃗
(n⃗)
⟩
λ⃗
=

∫
dλ⃗ ϱ(λ⃗)A(n⃗, λ⃗) = s⃗.n⃗ (2.41)

and
∫
dλ⃗ ϱ(λ⃗) = 1 must hold.

§e.g .: Aλ⃗(n⃗) = sign
(
s⃗.n⃗+ λ⃗.n⃗

)
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Now the question arises whether with such an LHV theory the anti-correlations

of the |Ψ−⟩ state can be explained or not. To this end, Bell developed an inequality

that can falsify LHV theories [3

.

]. Clauser, Horne, Shimony, and Holt (CHSH) have

generalized Bell’s theorem and proposed an explicit experiment [7

.

]. Assuming LHV,

the following equality holds

S
λ⃗
= A

λ⃗
(n⃗)
(
B

λ⃗
(m⃗) +B

λ⃗
(m⃗′)

)
+A

λ⃗
(n⃗′)

(
B

λ⃗
(m⃗)−B

λ⃗
(m⃗′)

)
= ±2, (2.42)

where A
λ⃗
(x⃗) = ±1 and B

λ⃗
(x⃗) = ±1 describe the measurement result of Alice and

Bob with the measurement setting x⃗ ∈ {n⃗, n⃗′, m⃗, m⃗′}. It is evident that the equality

holds since B
λ⃗
(m⃗) + B

λ⃗
(m⃗′) can give either ±2 or 0. If B

λ⃗
(m⃗) + B

λ⃗
(m⃗′) equals plus

or minus two, it follows that B
λ⃗
(m⃗) − B

λ⃗
(m⃗′) must be zero and vice versa. For the

expected value
⟨
S
λ⃗

⟩
λ⃗
, the inequality

−2 ≤
⟨
S
λ⃗

⟩
λ⃗
≤ 2, (2.43)

with

⟨
S
λ⃗

⟩
λ⃗
=

∫
ϱ(λ⃗)S

λ⃗
dλ⃗

=
⟨
A

λ⃗
(n⃗)B

λ⃗
(m⃗)

⟩
λ⃗
+
⟨
A

λ⃗
(n⃗)B

λ⃗
(m⃗′)

⟩
λ⃗
+
⟨
A

λ⃗
(n⃗′)B

λ⃗
(m⃗)

⟩
λ⃗
−
⟨
A

λ⃗
(n⃗′)B

λ⃗
(m⃗′)

⟩
λ⃗

holds, which is known as the CHSH variant of Bell’s inequality [7

.

]. The quantum

mechanical expectation value of a polarization measurement (Equation 2.24

.

) on both

photons can be calculated with the operator Ôn⃗m⃗ = ÔA
n⃗ ⊗ ÔB

m⃗ = niσ̂
A
i ⊗ mj σ̂

B
j and

yields

Tr
(
Ôn⃗m⃗ρ̂Ψ−

)
=

1

4
Tr
(
(nimj σ̂

A
i σ̂

B
j )(σ̂

A
0 σ̂

B
0 − σ̂A1 σ̂

B
1 − σ̂A2 σ̂

B
2 − σ̂A3 σ̂

B
3 )
)

=
1

4
nimj 4(−δi,1δj,1 − δi,2δj,2 − δi,3δj,3)

= −nimi

= −n⃗.m⃗ (2.44)

for the |Ψ−⟩ state. This results in an expected S value of

⟨S⟩ =
⟨
Ôn⃗m⃗

⟩
+
⟨
Ôn⃗m⃗′

⟩
+
⟨
Ôn⃗′m⃗

⟩
−
⟨
Ôn⃗′m⃗′

⟩
= −n⃗.m⃗− n⃗.m⃗′ − n⃗′.m⃗+ n⃗′.m⃗′ (2.45)
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If the vectors are chosen to be on the Poincaré sphere and in the plane of linear

polarization

n⃗ =

⎛⎜⎜⎝
sinαn

0

cosαn

⎞⎟⎟⎠ =

⎛⎜⎜⎝
0

0

1

⎞⎟⎟⎠ n⃗′ =

⎛⎜⎜⎝
sinα′

n

0

cosα′
n

⎞⎟⎟⎠ =

⎛⎜⎜⎝
1

0

0

⎞⎟⎟⎠

m⃗ =

⎛⎜⎜⎝
sinβm

0

cosβm

⎞⎟⎟⎠ =
1√
2

⎛⎜⎜⎝
1

0

1

⎞⎟⎟⎠ m⃗′ =

⎛⎜⎜⎝
sinβ′m

0

cosβ′m

⎞⎟⎟⎠ =
1√
2

⎛⎜⎜⎝
−1

0

1

⎞⎟⎟⎠ ,

(2.46)

the expected value of S assumes a minimum of ⟨S⟩ = −2
√
2 for the angles αn = 0,

α′
n = π/2, βm = π/4, β′m = π/4. This value is smaller than the lower limit of Bell’s

inequality and therefore cannot be explained with local hidden-variables.

Such a violation of Bell’s inequality has been verified in a variety of experiments,

but each experiment requires assumptions that provide loopholes for local realism.

However, since all significant loopholes have been closed [4

.

, 5

.

, 6

.

], there is reason to

believe that local realism cannot properly describe nature.

2.7 Verification of Entanglement

The CHSH inequality is a useful tool for distinguishing between states whose correlated

measurement results can be explained by local hidden-variables and states whose corre-

lations cannot be explained in this way. However, an operator that allows a distinction

between entangled and separable states is known as an entanglement witness.

As already mentioned, any pure state |ϕ⟩AB ∈ HA ⊗HB that cannot be written as

a direct product of pure states of the subspaces |ϕ⟩AB
sep = |ϕ⟩A⊗|ψ⟩B is called entangled.

A similar statement can be formulated for mixed states¶

.

of the product space. Any

bipartite density matrix ρ̂ acting on HA ⊗ HB is said to be separable iff it can be

written in the form [23

.

]

ρ̂sep =
∑
i

wi ρ̂
A
(i) ⊗ ϱ̂B(i)

=
1

4

∑
i

wi (σ̂
A
0 + sj,(i)σ̂

A
j )⊗ (σ̂B0 + rk,(i)σ̂

B
k ), (2.47)

¶Any bipartite density matrix ρ̂ acting on H2
A ⊗ H2

B can be decomposed into Pauli matrices ρ̂ =
1
4

(
tµ,ν σ̂

A
µ σ̂

B
ν

)
. For each valid state, the trace of the density matrix must be one Tr (ρ̂) = t0,0 = 1.
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with sets of Stokes vectors denoted by sj,(i) ∈ [sj,(1), sj,(2), . . . ] and

rj,(i) ∈ [rj,(1), rj,(2), . . . ]. The sum of the positive weights wi > 0 is normalized

to one
∑

iwi = 1. Any state that cannot be written in this way is called inseparable or

entangled. From the Horodecki family, we know that for every entangled state there

exists an entanglement witness Ŵ, which bears witness to this property.

Lemma 1. “For any inseparable state ρ̂ent there exists Hermitian operator Ŵ such

that

Tr
(
Ŵρ̂ent

)
< 0 and Tr

(
Ŵρ̂sep

)
≥ 0 (2.48)

for any separable ρ̂sep.” [24

.

]

No separable state can violate a Bell inequality, but not every entangled state vi-

olates a Bell inequality [25

.

]. Therefore, Bell inequalities are regarded as non-optimal

entanglement witnesses. Figure 2.3

.

shows a schematic view of the different types of

correlations and the distinctions which can be performed with entanglement witnesses

and Bell inequalities.

entangled & no LHV

entangled &  LHV

seperable

Figure 2.3 Schematic view of the different types of correlations: W and B

denote the distinction which can be performed with an entanglement witness and a Bell

inequality, respectively. Reprinted from “Relations between Entanglement Witnesses and

Bell Inequalities”, by Hyllus et al. [19

.

].

In order to derive an optimal witness for the |Ψ−⟩ state, we follow the section “From

CHSH Inequalities to Optimal Witnesses ” in “Relations between Entanglement Wit-

nesses and Bell Inequalities”, by Hyllus et al. [19

.

]. The observable, which corresponds

to the measurement of an S value, is described by the Bell operator

B̂ =
(
ni(mj +m′

j) + n′i(mj −m′
j)
)
σ̂Ai σ̂

B
j . (2.49)
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Applying the measurement setting described in Equation 2.46

.

shows that the same

result can be obtained with measurements in the two mutually unbiased bases HV and

DA denoted by the operator B̂HD.

B̂HD =
√
2
(
σ̂A1 σ̂

B
1 + σ̂A3 σ̂

B
3

)
. (2.50)

For separable states, this operator yields an expectation value of

Tr
(
B̂HDρ̂sep

)
=

√
2
∑
i

wi (s1,(i)r1,(i) + s3,(i)r3,(i)), (2.51)

with a minimum value of −
√
2. Shifting this operator by the value

√
2 and multi-

plication with a factor 1/
√
2 yields

ŴHD =
1√
2

(√
2 1̂A1̂B + B̂HD

)
= σ̂A0 σ̂

B
0 + σ̂A1 σ̂

B
1 + σ̂A3 σ̂

B
3 (2.52)

This operator now has positive expectation values for all separable states

Tr
(
ŴHDρ̂sep

)
> 0 and yields negative values only for non-separable states, which de-

scribe an entanglement witness by definition [24

.

]. Thus, we can prove the entanglement

of |Ψ−⟩ by means of a negative expected value Tr
(
ŴHDρ̂Ψ−

)
= −1.

At this point we want to introduce the horizontal/vertical and diagonal/anti-

diagonal correlation operators V̂HV = −σ̂A3 σ̂B3 and V̂DA = −σ̂A1 σ̂B1 , with expectation

values corresponding to the experimental visibility in the respective basis. The vis-

ibility thus defined is positive for anti-correlated and negative for correlated states.

However, with these operators, we can rewrite the entanglement witnesses as

ŴHD = 1̂A1̂B − V̂HV − V̂DA. (2.53)

Experimentally the visibility can be accessed via VXY = NXY+NYX−NXX−NYY
NXY+NYX+NXX+NYY

, where

NXY is the number of coincident detection events between Alice’s detector for polariza-

tion X and Bob’s detector for polarization Y. The above equation reveals that visibility

measurements satisfying V̂DA+V̂HV > 1 are sufficient criteria to prove the entanglement

of the tested state.
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2.8 Two-Photon Interference

2.8 Two-Photon Interference

Two-photon interference is of fundamental importance for many applications in quan-

tum optics, such as the generation of NOON states, entanglement swapping, and quan-

tum teleportation. In the following, we will first examine HOM interference and seam-

lessly connect this topic to NOON states. Therefore, we will mainly following Zhe-Yu

Jeff Ou [26

.

] and Jonathan P. Dowling [14

.

].

Before we begin, we want to mention for the sake of completeness the creation

(annihilation) operator â† (â), which generates (eliminates) a photon when applied to

a n-photon state |n⟩.

â† |n⟩ =
√
n+ 1 |n+ 1⟩ (2.54a)

â |n⟩ =
√
n |n− 1⟩ (2.54b)

We will indicate the vacuum state (n = 0) with |Vac⟩. The ladder operators also

satisfy the known commutation relation

[
â, â†

]
= 1 (2.55)

and relate to the number operator via

N̂ |n⟩ = â†â |n⟩ = n |n⟩ . (2.56)

2.8.1 Hong-Ou-Mandel Interference

Hong-Ou-Mandel (HOM) interference can be observed when two indistinguishable pho-

tons in different modes (a,b) of a beam splitter (BS) are superimposed [27

.

]. Each photon

is either reflected or transmitted to the output modes c and d. This process is described

by the creation operator relation [28

.

]

â†a =
1√
2

(
â†c − â†d

)
(2.57a)

â†b =
1√
2

(
â†d + â†c

)
, (2.57b)

where â†x denotes the creation operator of a photon in mode x ∈ {a, b, c, d}. In

Equation 2.57

.

we assumed a lossless beam splitter with 50% reflectance and 50% trans-

mittance [29

.

].
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a
b

c
d

a
b

c
d

a
b

c
d

a
b

c
d

Figure 2.4 Lossless beam splitter: Four possible outcomes when two distinguish-

able photons incident on a beam splitter in separate input modes a and b.

There are four possible outcomes if two distinguishable photons (• / ■) are superim-

posed on the BS (see Figure 2.4

.

). All four possibilities are described by the composed

operator relation of both photons which reads

â†a,•â
†
b,■ =

1

2

(
â†c,•â

†
d,■ − â†d,•â

†
c,■ + â†c,•â

†
c,■ − â†d,•â

†
d,■

)
. (2.58)

With a probability of 50% both photons are observed in the same mode, otherwise

they are in separate modes. Interference of the two photons occurs only if they are

indistinguishable. This can be seen by dropping the photon characterization (• / ■) in

Equation 2.58

.

:

â†aâ
†
b =

1

2

(
â†câ

†
d − â†dâ

†
c + â†câ

†
c − â†dâ

†
d

)
=

1

2

(
â†câ

†
c − â†dâ

†
d

)
. (2.59)

Consequently, the outcomes with one photon in each mode interfere destructively.

Thus, both photons will always end up in the same output mode of the BS. This

bunching effect is referred to as HOM interference.

â†aâ
†
b |Vac⟩

BS−−→ 1

2

(
â†câ

†
c − â†dâ

†
d

)
|Vac⟩ (2.60)

|1a, 1b⟩
BS−−→ 1√

2
(|2c, 0d⟩ − |0c, 2d⟩) (2.61)

The absence of coincidences in the output modes of such an experimental setup is

a useful indicator for the indistinguishability of the superimposed photons. Imposing

a temporal delay on one of the two photons before they reach the beam splitter causes

distinguishability by means of their relative arrival time. Thus, random splitting is

observed for delays which exceed the coherence time of the photons. Therefore, HOM

interference can be used to measure the coherence length of photons. A more detailed

study of this effect regarding partially distinguishable photons can be found in Appendix

A

.

.
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2.8.2 NOON states

NOON states are a particular type of entangled state which are utilized in lithography

and quantum metrology [30

.

, 31

.

]. In this section we will briefly introduce this type of

multi-photon state.

The two-photon state resulting from the HOM interference describes a state in which

both photons coexist in one of two modes, although it is uncertain which mode they

are in (see Equation 2.61

.

). Such a state can be generalized to a higher photon number

of N

|NOON⟩ = 1√
2

1√
N !

(
(â†c)

N − (â†d)
N
)
|Vac⟩ = 1√

2
(|N, 0⟩ − |0, N⟩) (2.62)

Such path-entangled states are known as NOON state [32

.

]. In the following, how-

ever, we will limit the calculations to the two-photon state relevant for the experiments

of this thesis. Equation 2.61

.

describes such a NOON state with a photon number N = 2

in the spatial modes c and d. Superimposing these paths on a second beam splitter

reverses the bunching process. Thus, the two photons are separated from each other in

the output modes of the resulting interferometer.

â†c =
1√
2

(
â†e + â†f

)
(2.63a)

â†d =
1√
2

(
â†f − â†e

)
(2.63b)

BS

BSd
c

f
e

a
b

c
d

Figure 2.5 Mach–Zehnder

interferometer: HOM inter-

ference of two photons at the

first beam splitter generates a

NOON state in modes c and d.

The coincidence count rate of

the detectors in modes e and f

depends on the relative phase ϕ

(see Equation 2.65

.

).

However, this process depends on a relative phase ϕ between the two paths which

is described by the operator Ûc(ϕ) = eiN̂cϕ, whereby N̂c = â†c âc represents the photon

23



Fundamentals

number operator in mode c.

1

2

(
(â†c)

2 − ei2ϕ(â†d)
2
)
|Vac⟩ BS−−→ 1

2

(
((â†e)

2 + (â†f )
2) sin(ϕ) + 2â†eâ

†
f cos(ϕ)

)
|Vac⟩

(2.64a)

1√
2

(
|2, 0⟩ − ei2ϕ |0, 2⟩

)
BS−−→ 1√

2
(|2, 0⟩+ |0, 2⟩) sin(ϕ) + |1, 1⟩ cos(ϕ) = |Out2⟩

(2.64b)

Ref = |⟨1, 1|Out2⟩|2 = cos2(ϕ) (2.65a)

Ree +Rff = |⟨2, 0|Out2⟩|2 + |⟨0, 2|Out2⟩|2 = sin2(ϕ) (2.65b)

Equation 2.65

.

shows that the normalized coincidence count rate Ref between the

detectors in the output modes e and f varies periodically with the relative phase. The

cases where both photons reach the same detector (Ree, Rff) can only be distinguished

from single photons by means of photon-number-resolving detectors [33

.

, 34

.

, 35

.

]. How-

ever, comparing this result with the situation of a single photon passing through the

interferometer, shows that the detector count rate, in such a scenario, oscillates at half

the frequency.

1√
2

(
â†c − eiϕâ†d

)
|Vac⟩ BS−−→ 1

2

(
â†e cos(

ϕ

2
) + â†f sin(

ϕ

2
)

)
|Vac⟩ (2.66a)

1√
2

(
|1, 0⟩ − eiϕ |0, 1⟩

)
BS−−→ |1, 0⟩ cos(ϕ

2
) + |0, 1⟩ sin(ϕ

2
) = |Out1⟩ (2.66b)

Re = |⟨1, 0|Out1⟩|2 = cos2(
ϕ

2
) (2.67a)

Rf = |⟨0, 1|Out1⟩|2 = sin2(
ϕ

2
) (2.67b)

The increased fringe oscillation frequency of the multi-photon state is called super-

resolution. This effect provides a measurement advantage when the count rates are used

to determine an unknown phase. Thereby the steeper slope of the function leads to

a better phase resolution. In the following we want to characterize this measurement

advantage quantitatively. In such an experiment, the expected count rates for both

cases are

Re =M cos2(
ϕ

2
) +B (2.68a)

Ref =M/2 cos2(ϕ) +B (2.68b)
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with an average detected photon rate ofM , including B phase-independent photons

due to background (both measured in advance). Only half as many coincidences and

therefore the same number of photons are detected. The inverse function of Equation

2.68

.

required for phase determination reads

ϕ(Re) = 2 cos−1

(√
Re −B

M

)
(2.69a)

ϕ(Ref) = cos−1

(√
2
Ref −B

M

)
(2.69b)

The error of the phase measurement results from the propagation of the uncertainty

of the measured count rate ∆ϕ(R) = |∂ϕ/∂R|
√
R. Such a system has maximum phase

sensitivity at the Bisa point — at a count rate RBias — at which the unknown phase

can be determined with an uncertainty of ∆ϕ(RBias).

RBias
e =

√
B(M +B) (2.70a)

RBias
ef =

√
B(M/2 +B) (2.70b)

∆ϕ(RBias
e ) =

1√
M + 2(B −

√
B(M +B))

(2.71a)

∆ϕ(RBias
ef ) =

1√
2M + 8(B −

√
B(M/2 +B))

(2.71b)

In the limit of an infinitesimally small background we get the result

lim
B→0

∆ϕ(RBias
e ) = ∆ϕMin

1 =
1√
M

(2.72a)

lim
B→0

∆ϕ(RBias
ef ) = ∆ϕMin

2

1√
2M

(2.72b)

The measurement precision obtained for single photons corresponds to the shot-

noise limit (SNL) ∆ϕ ≥ ∆ϕSNL = 1√
M
, which cannot be violated with classical states

of light. The precision achieved with the two-photon state, however, is improved by a

factor of
√
2. Such sub-SNL precision is called super-sensitivity.

A more general calculation using quantum fisherman information [36

.

] shows that

the super-sensitivity scales with the photon number N of the NOON state used
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∆ϕMin
N = 1√

N M
[37

.

]. The absolute minimum as predicted by the uncertainty prin-

ciple 1
M can thus be achieved in the limit value of N ↦→M . This Heisenberg limit

retains its validity for arbitrary photon states. For the generation and detection of

such high-NOON states (N > 2), however, more intricate experimental methods are

necessary [15

.

, 38

.

].

A drawback of these NOON states is the high transmission η necessary for the

sufficient detection of these states, i.e. all N photons of a state must be detected in

order to obtain a valid signal. However, the probability for such an N-fold coincidence

is proportional to ηN , rendering such an event increasingly unlikely with increasing

N . We can therefore estimate the precision achieved in the presence of photon loss by

∆ϕMin
N (η) = 1√

ηNN M
.

Figure 2.6 Measurement precision

∆ϕ vs. transmission η: Achievable mea-

surement precision ∆ϕMin
N (η) = 1√

ηNN M

in the presence of limited photon trans-

mission η for NOON states with different

photon number N and a mean pho-

ton rate of M = 1000. The shot-noise

limit 1√
M

= 0.032 and Heisenberg limit
1
M = 0.001 are depicted with a horizontal

dashed line.

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10
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Δ
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And so when using the same number of photons for the measurement, the advantage

of a two-photon NOON state vanishes for a transmission probability of 0.5 or less

( 1√
0.522 M

= 1√
0.5M

). A more detailed study on this topic was conducted by Dorner et

al., who proposed the NOON “chopping” strategy in order to optimize NOON states

with respect to losses [39

.

, 40

.

]. With this strategy, the photon number N is adapted to

the total transmission of the system.

In general, there is a measurement advantage only for transmissions above a thresh-

old dependent on N . If this threshold is not reached, more photons must be used at a

higher N in order to achieve comparable precision. When comparing the same number

of photons detected on average, a reduced phase noise can still be observed. However,

there are several ways to achieve a certain resolution. In our comparison where we

only consider the number of photons used, the loss, and the resulting quantization

noise, NOON states have no advantage above a certain loss limit. However, if there

are enough photons available for the measurement, it is decisive whether the additional

photons have a detrimental effect on the resolution and whether they can be suppressed

during signal recording. Therefore, we believe that NOON states can be advantageous

for some applications even in case of loss scenarios beyond this threshold.
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2.8.3 Two-Photons Interference in Polarization Modes

The photons being used in the later experiments are in a pair state with orthogonal

polarization â†Hâ
†
V |Vac⟩ = |1H, 1V⟩. In the following we want to connect this state with

the foregoing concepts. The basis transformation between the HV and DA basis is

described by the operator relation

â†H =
1√
2

(
â†D + â†A

)
(2.73a)

â†V =
1√
2

(
â†D − â†A

)
, (2.73b)

Rewriting |1H, 1V⟩ in the DA basis shows that this two-photon state can be regarded

as a NOON state in polarization modes.

â†Hâ
†
V |Vac⟩ DA-basis−−−−−→ 1

2

(
â†Dâ

†
D − â†Aâ

†
A

)
|Vac⟩ (2.74)

|1H, 1V⟩
DA-basis−−−−−→ 1√

2
(|2D, 0A⟩ − |0D, 2A⟩) (2.75)

PBSλ

2

HWP

H
V

VV

H
H

a
b

c
d

Figure 2.7 Polarization measurement: The

two-photon state |1H, 1V⟩ traverses an HWP followed

by a PBS with single-photon detectors in each output

mode (c,d).

By means of a polarizing beam splitter, a certain basis decomposition can be im-

posed on the photons. The polarization modes H and V with respect to the PBS are

thus converted into spatial modes (aH ↦→ cH, aV ↦→ dV). This decomposition can be

affected with the help of a half-wave plate. The resulting transformation is described

by the relation

â†a,H = cos(2θ)â†c,H + sin(2θ)â†d,V (2.76a)

â†a,V = cos(2θ)â†d,V − sin(2θ)â†c,H, (2.76b)

with θ denoting the angle between the fast axis of the HWP and the horizontal axis

of the PBS. In the output modes of the PBS we therefore expect the state
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â†a,Hâ
†
a,V |Vac⟩ HWP&PBS−−−−−−−→

(
cos(4θ)â†c,Hâ

†
d,V − 1

2
sin(4θ)

(
â†c,Hâ

†
c,H − â†d,Vâ

†
d,V

))
|Vac⟩

(2.77)

|1a,H, 1a,V⟩
HWP&PBS−−−−−−−→ cos(4θ) |1c,H, 1d,V⟩ −

1√
2
sin(4θ) (|2c,H, 0d,V⟩ − |0c,H, 2d,V⟩)

(2.78)

Thus, at an angle of θ = π
8 both photons enter the same output mode of the PBS. In

this thesis, we will refer to this interference effect by “HOM interference in polarization

modes”. Moreover, in comparison to single photons

|1a,H, 0a,V⟩
HWP&PBS−−−−−−−→ cos(2θ) |1c,H, 0d,V⟩+ sin(2θ) |0c,H, 1d,V⟩ , (2.79)

this NOON state in the polarization modes shows twice the fringe oscillation fre-

quency with respect to HWP rotation and thus super-resolution in “polarization” mea-

surements [41

.

].
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Single-photon detectors are a very sensitive tool for detecting low intensities of light.

Of course, in experiments these devices are very well protected against stray light, such

as with spectral filters, but photons from background light cannot always be completely

avoided. Something along the lines of a temporal filter is needed to sort out related

detection events from the wealth of data. Such a process is carried out as part of the

data evaluation.

The following chapter deals with the main features of the detectors and the data

processing of their signal.

3.1 Single-Photon Detectors

Single-photon detectors used consist of silicon avalanche photodiodes (APD) imple-

mented in an electrical circuit. Those APDs are reverse biased over breakdown voltage

(Geiger mode). Free electrons in the semiconductor can be generated, inter alia, by

incident photons. Those free electrons get accelerated by the bias voltage and can

therefor trigger a self-sustaining avalanche of charge carriers (Geiger shower). The cir-

cuit lowers the bias voltage when an electrical current resulting from such an avalanche

is registered. Consequently, the avalanche stops [42

.

]. Thereafter, the bias voltage is re-

stored and the detector is ready for the next event. In the time of reduced bias voltage,

the detector is insensitive to incident photons. This so-called dead time tdead leads to

a decrease of the detection efficiency at higher count rates.

At the same time, the output voltage of the detector is raised for a short period

of time to indicate the arrival of a photon. The time between the arrival of a photon

and the rising edge of the output voltage is approximately normally distributed. The

standard deviation of this varying delay, referred to as jitter σt, results in uncertainty

of the registered time of arrival.

The detection efficiency ηD refers to the likelihood that an incoming photon will

result in a rising edge in the output voltage. Besides photons thermal ionization can

also produce free electrons. The resulting detector events cannot be distinguished from

photon-induced events and result in the so-called dark count rate.

For experiments conducted in this thesis detectors from two different manufacturers

were used. The technical specification of the detectors are summarized in Table 3.1

.

.
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Brand Excelitas AIT

Name SPCM-800 QD800-pQI

Active Area ∅ 180µm 500µm

Detection Efficiency ηD 64% 50%

Dark Count Rate RD < 600Hz 200Hz

Jitter σt 350 ps 100 ps

Dead Time tdead 20 ns 10µs

Table 3.1 Technical specification of the detectors used. The values are taken from the

data sheet. With the AIT detector, the supply voltage and the cooling of the diode can

be individually adjusted. Therefore, the given values could deviate substantially from

the measured values.

Two filters (Semrock LL01-810, Thorlabs FGL665) were installed to prevent back-

ground light at the detectors. The spectral range above 1200 nm is not covered by the

filters, since the detection efficiency becomes negligibly small at such long wavelengths

(see Figure 3.1

.

).

Figure 3.1 Typical photon

detection efficiency ηD vs.

wavelength λ. The black line is

reprinted from the data sheet of

the Excelitas detectors, extrapo-

lated with a typical responsivity

of a silicon APD. The gray (red)

line shows the transmission of

the Semrock LL01-810 (Thorlabs

FGL665) filter.

3.2 Time Tagging

The output of the detectors is connected to a Time Tagging Module (TTM) manufac-

tured by the Austrian Institute of Technology (TTM8000). This device provides eight

channels that constantly monitor the output voltage of up to eight different detectors.

The TTM has the ability to detect rising and falling edges of the voltage. In order to

save capacity, the module was configured to only detect rising edges. The frequency of

the internal clock is roughly 12.15 GHz which corresponds to 1/12.15 × 10−9 = 82.3

ps time bins. The module starts counting from zero whenever the power is turned on.

The actual time is stored in a seven byte binary number which has an overflow every

68 days. This time value together with the channel and edge information is buffered
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each time an event occurs and can be transferred to a PC via an Ethernet connection.

The binary files produced in this way have a header of 30 bytes followed by successive

time tags of eight bytes each. The time information is stored with little-endian in the

first seven bytes of each tag, and the channel number is encoded in the first three bit

of the last byte. The fourth bit of the last byte is one for rising or zero for falling edge

events.

Figure 3.2 Structure of a time tag consisting of eight bytes,

with the first seven bytes containing the time information. The

channel number is encoded in the first three bit of the last byte.

The fourth bit of the last byte is one or zero if a rising or falling

edge was detected, respectively.

84 84 77 56 68 97 116 97 1 4 0 0 129 0 0

0 0 63 25 0 180 31 0 0 0 0 24 39 248 255

214 127 0 0 0 0 0 16 119 152 1 0 0 0 0

80 171 175 1 0 0 0 0 80 163 106 2 0 0 0

0 80 49 183 2 0 0 0 0 80 73 80 4 0 0

Table 3.2 Number example of a binary file. The first eight bytes of the binary

file is the ASCII code for “TTM8Data”. Overall, the header has 30 bytes (highlighted

in gray), of which the last one has the value 255. Each odd time tag is highlighted in

yellow. The time of the first tag is calculated as (214+127×256) 82.3×10−12 = 2.693 ns.

The channel information is in the last byte of each tag (bold). The number 16 results

from the Bit-string [00010000]2 = 16 and belongs to the channel 0 ([01010000]2 = 80 ↔
channel 2)

3.3 Coincidences

Two simultaneously generated photons are not always tagged simultaneously. There

are several reasons for this, for example, the optical path length that the photons travel

to the detectors may be different. Also, the cable length between the detectors and the

TTM can cause a delay of the signal. The internal time delay of the detector can also

vary with identical devices.

Two events occurring at detector D1 and D2 with a time difference t∆ = tD1 − tD2,

are called “coincident” if |t∆ − td| < tcoi/2 where tcoi is the coincidence window. The

mean time delay between related time stamps td can be determined via cross-correlation

of the arrival times, if td is stable for a sufficiently long period of time tp [43

.

]. The full

width half maximum of the correlation function (tFWHM) is determined by the timing
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jitter of the detectors (σtD1 and σtD2)

tFWHM = 2
√

2 log (2)
√
σ2tD1 + σ2tD2 + t2coh (3.1)

and the coherence time tcoh of the photons. With the photon source used, the

coherence time of the generated photons tcoh = 1.75 ps is much smaller than the jitter

of the detectors and can be neglected. The correlation function measured with two

AIT detectors (see Figure 3.3

.

) results in tFWHM = 822 ± 10 ps. This corresponds to a

jitter of the detectors σAIT = 247 ± 3 ps, which is more than twice the value given in

the data sheet. A second measurement with two Excelitas detectors resulted in a jitter

of σExc = 181± 1 ps, which is shorter by ∼ 150 ps than the value specified in the data

sheet.

Figure 3.3 Histogram of t∆,

measured with two AIT detec-

tors. The red graph shows

a Gaussian fit function with a

standard deviation of 349 ± 4 ps

(tFWHM = 822 ± 10 ps). The up-

per axis is plotted in units of TTM

time bins, whereby one time bin

corresponds to 82.3 ps. The hor-

izontal lines indicate the coinci-

dence window tcoi ≃ 2 ns. The

dashed line is half the maximum

of the fit.

3.4 Accidental Coincidences

Uncorrelated detection events are caused by photon loss in the optical system, stray

light, and dark counts. Such single events can occur independently at two different

APDs within tcoi by accident. Such coincidences are called accidental coincidences or

accidentals.

In a time period ∆T , two APDs detect a number of B1 and B2 single events. Thus,

the mean photon number per coincidence window is mi = Bi
tcoi
∆T . The actual number

k of photons arriving during a coincidence window follows a Poisson distribution

P (k,m) =
mk

k!
e−m. (3.2)

The probability of detecting exactly one photon within tcoi in each of the two detec-

tors, multiplied by the number of coincidence windows n = ∆T/tcoi, gives the expected
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number of accidentals per ∆T . For small mean photon numbers m≪ 1 the probability

P (1,m) can be approximated by the Taylor series me−m = m + O(m2) ∗

.

. Thus, the

accidental rate per ∆T results in

RAcc = P (1,m1) P (1,m2) n ≃ B1
tcoi
∆T

B2
tcoi
∆T

∆T

tcoi
= B1 B2

tcoi
∆T

. (3.3)

3.5 Coincidence Search

The amount of data produced by the TTM grows very quickly over time. If, for example,

two detectors are used with a photon count rate of 400 kHz each, the file size after a

3-minute measurement time is 3 · 60 · 400× 103 · 8 Byte =576MB. An algorithm based

on the programming language C was developed to identify the few coincidences within

this wealth of data in a time-saving manner.

The events detected during a short fraction of time tp are written sequentially into

an array Event[i][n], with the row and column corresponding to the channel number

i ∈ [0, 1, . . . , 7] and consecutive numbering n, respectively. The search for partner events

of Event[i][n] starts at the earliest possible time of a coincidence u = Event[i][n] +

td − tcoi/2, with the mean time delay td and the coincidence window tcoi. A loop looks

for the smallest position m in channel j that satisfies u < Event[j][m]. The events are

considered coincidental if the deviation from the mean time delay t∆ = Event[j][m]−
Event[i][n]− td is less than tcoi/2. Such events are stored in an output file. Otherwise

Event[i][n] cannot have a partner in j sice tdead > tcoi. Subsequently, this procedure is

repeated for Event[i + 1][n]. This process forms the central loop in the program (see

Figure 3.4

.

) and has to be repeated for each detector combination and time fragment.

For the coincidence search just described, the value td must be known. A very similar

program can be used to find an unknown mean time delay. In this case, the central loop

is repeatedly applied to the same fraction of the data, with different mean time delays

tdl = l tcoi/2, with l ∈ Z. The delay which results in the highest number of coincidences

can be used to calculate the mean time delay via td = tdMax
+Mean(t∆Max

).

The deviation from the mean time delay t∆ of each pair of events can be represented

in a histogram (see Figure 3.3

.

). The shape of the histogram is mainly determined by

the jitter of the detector (see Equation 3.1

.

) and can be approximated by a normal

distribution.

∗This approximation is always satisfied, if tdead > tcoi.
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Read Events from File

n = 1 & m = 1

u = Event[i][n] + td − tcoi/2

u > 0n++

Event[j][m] ≥ u m++

t∆ = Event[j][m]−Event[i][n]− td

t∆ ≤ tcoi/2

Write (Event[i][n], Event[j][m]) to File

no

yes

no

yes

no

yes

Figure 3.4 Flowchart of the central loop of the coincidence search program. The event

times are sorted in an array Event[i][n], with the row and column corresponding to the

detector/channel number i ∈ [0, 1, . . . , 7] and a consecutive numbering n, respectively.

3.6 Mean Time Delay Tracking

The mean time delay td does not change with time when all detectors are connected to

the same TTM, since all of the data is handled in relation to the same clock. There-

fore, it is sufficient to perform the delay search described above only once for a given

experimental setup. For long distance experiments, several TTMs are needed.

The frequency deviation and drift of the internal clocks lead to a temporal variation

of td, which must be considered in the coincidence search [43

.

]. In this case, the delay

search has to be performed for each time period tp. In order to achieve an unadulterated

result, the time delay td may not change by more than one time bin during tp. The

temporal variation of td is plotted in Figure 3.5

.

and can be approximated by a linear

fit function with a slope of 280 ns/s (3402 time bins/s). This corresponds to one time

bin every 294µs (tp
!
< 294µs).

The temporal delay of pair events is normally distributed around td with a stan-
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Figure 3.5 Top: Mean time delay td of pair events between two TTMs plotted over

time (red line). The instability of the internal clocks leads to a temporal change of

td. The black dashed line shows a linear fit with a slope of 280 ns/s (3402 time bins/s).

Bottom: Residual of td over time (red line).

dard deviation of
√
σ2tD1 + σ2tD2. Thus, if Ncoi coincidences are measured, td can be

determined with an uncertainty of

σtd =
1√
Ncoi

√
σ2tD1 + σ2tD2. (3.4)

The greater the photon loss along the optical link, the smaller the number of detected

coincidences during tp. As a result, the error of td becomes larger. In order to improve

the stability tp, two GPS clocks were used, one at each TTM. The electrical signal of

these clocks is one pulse per second (PPS) which is synchronized to the GPS time.

This signal is connected to a free channel of a TTM and appears in the stored binary

files. During data evaluation, the assumption is that these signals occur simultaneously

in both TTMs. The time between two consecutive PPS signals ∆tPPS = tPPSm+1 −
tPPSm ∼ 12.15× 109 time bins as measured by the internal clock of the TTM, usually

deviates from the expectation, because of the insufficient accuracy of the internal clock.

A corrected time value for each event between two PPS signals can be calculated by
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stretching each time bin by a factor of (12.15× 109)/∆tPPS

EventCor[i][n] = (Event[i][n]− tPPSm)
12.15× 109

∆tPPS
+m (12.15× 109) (3.5)

where m is the consecutive number of the PPS signals. The mean time delay td

between corrected time stamps still varies in time due to instabilities of GPS clocks

(see Figure 3.6

.

).

Figure 3.6 Mean time delay td between corrected time stamps of pair events between

two TTMs plotted over time (red line). The instability of the PPS signal leads to a

temporal change of td with a maximum slope of 2 ns/s (24 time bins/s). The black

dashed line shows a linear fit with a slope of 69 ps/s (0.8 time bins/s ).

With the corrected time the measured maximum value of the slope of td vs. time

is 2 ns/s (24 time bins/s) which corresponds to one time bin every 41ms (tp
!
< 41ms).

Thus, by using the GPS clocks, tp can be increased by a factor of 140, which reduces

the error of td by ∼ 1/12 compared to the estimation without time correction.
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For sophisticated experiments outside the usual laboratory environment, different

sources of entangled photons are feasible [44

.

]. The design of the source used focused

on stability, robustness, and compactness [45

.

, 46

.

]. This source is minimalistic in terms

of built-in optical components and dimensions, but provides entangled photons of ex-

cellent purity and suitable brightness.

Energy-time entangled photons are generated via spontaneous parametric down-

conversion (SPDC) in a collinear type II configuration. Next, both photons are coupled

into one polarization-maintaining fiber in order to compensate for the mean longitudinal

walk-off between the H and V polarized photons of a pair. Thereafter both photons are

indistinguishable except for their orthogonal polarization. As we will see in the following

chapters, polarization-entangled photon pairs or path-entangled NOON states can be

generated from such states with little additional effort.

In the course of this chapter, the functionality and performance of the source used

will be discussed.

4.1 Spontaneous Parametric Down-Conversion

A very practical and versatile way of creating entangled photons is spontaneous para-

metric down-conversion. To induce this effect, a nonlinear crystal is pumped by a

strong coherent field. Due to the non-linear polarization response of the atoms in the

crystal, the pump field is disturbed and modes with different angular frequency appear.

The description of this process using classical optics states that such modification of

the pump field only happens if a signal field is present in addition to the pump field

[47

.

]. This process is called parametric amplification because it transfers energy from

the strong pump field into the weak signal field and creates a third idler field. However,

quantum mechanics states that signal and idler fields can occur spontaneously, i.e. both

fields are initially in their respective vacuum states [26

.

]. So, for no apparent reason and

at a random time, a photon of the pump mode decays into two photons. The time a

photon pair occurs is basically unknown, but if one of the photons is detected at a given

time, the detection time of the partner photon can be predicted. Such biphoton states

are in a coherent superposition of possible emission times and therefore energy-time

entangled [48

.

, 49

.

].
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For the SPDC process to be efficient, several conditions must be met. These are

discussed in more detail below.

4.1.1 Quasi-Phase-Matching

We distinguish between different types of SPDC according to the phase-matched po-

larizations of the involved fields. In type I phase matching the signal and idler photons

have the same polarization. However, in the source used, the photons of a pair have

orthogonal polarization, referred to as type II phase-matched SPDC. The arrangement

can be chosen such that signal and idler fields are horizontally and vertically polarized

and collinear with the pump beam. For the sake of simplicity, we also assume only one

angular frequency ωp in the pump field, which is a reasonable assumption in view of

our narrow-linewidth pump laser.

Since SPDC is a coherent process, the non-linear polarization response from different

regions of the crystal contributes to the resulting biphoton state [50

.

]. An efficient down-

conversion process is achieved if the individual contributions interfere constructively.

Phase difference between those contributions result from different refractive indices

n(ω) experienced by the three interacting fields within the birefringent material. The

conservation of energy

ωp = ωH + ωV (4.1)

is satisfied for various frequencies ωH and ωV of the horizontally polarized signal

and vertically polarized idler fields. The crystal is chosen so that the phase mis-

match ∆k = kp(ωp)− kH(ωH)− kV(ωV) of the propagation constants k(ω) = 2πn(ω)/λ

is zero for certain frequencies (ωp = 2ω0, ωH = ω0, ωV = ω0). The phase-matching

condition ∆k = 0 is not satisfied if the angular frequencies deviate from these values

(ωH = ω0 +Ω, ωV = ω0 − Ω). Consequently, the phase difference after propagation over

a distance Lcoh = π/∆k is equal to π and the contributions thus interfere destructively.

Such frequencies are suppressed if the length of the crystal L is greater than Lcoh.

In periodically poled crystals with a poling period Λ, the sign of the nonlinear po-

larization response is inverted periodically after a distance Lcoh = Λ/2. Consequently,

a destructive interference that normally appears at such a propagation distance is con-

verted into constructive interference [51

.

]. Thus, for collinear SPDC in a periodically

poled crystal, only frequency combinations with small effective wave vector mismatch-

ing |∆k| < 2π/L with

∆k(ωH, ωV) = kp(ωH + ωV)− kH(ωH)− kV(ωV)−
2π

Λ
(4.2)

significantly contribute to the downconverted field.
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4.1.2 Joint Spectral Amplitude

The probability amplitude of generating a certain frequency combination of signal and

idler fields via SPDC is given by the joint spectral amplitude (JSA) which is char-

acteristic for the two-photon state. Thus, the analysis of the JSA reveals important

properties of the emitted photon pair, such as the spectral bandwidth and the relative

timing of the photons.

The biphoton part resulting from SPDC can be denoted by [26

.

, 51

.

, 52

.

]

|SPDC⟩ =
∫

dω1dω2JSA(ω1, ω2)â
†
H(ω1)â

†
V(ω2) |Vac⟩ (4.3)

with the joint spectral amplitude

JSA(ω1, ω2) ∝ αp(ω1 + ω2)h(ω1, ω2) (4.4)

h(ω1, ω2) = e−i L/2 ∆k(ω1,ω2)sinc

(
L

2
∆k(ω1, ω2)

)
(4.5)

and the creation operators â†X(ω) |Vac⟩ = |ω⟩X for the modes given by X, ω. The

spectral amplitude of a narrow band pump field αp(ω) can be approximated by a delta

distribution αp(ω) ≈ δ(ω − ωp). Consequently, the biphoton part of the SPDC state

simplifies to

|SPDC⟩Narrow = ζ

∫
dω1h(ω1, ωp − ω1)â

†
H(ω1)â

†
V(ωp − ω1) |Vac⟩ , (4.6)

with a normalization constant ζ. Since the narrow band pump field approximation

applies very well to the source used, we will omit the label “Narrow” in the following.

Equation 4.6

.

also assumes a plane wave pump field. The power spectral density PSD(ω)

of the individual photons traced over the frequency of the respective partner photon

can be calculated as

PSDH(ωH) =

∫
dω′ ⟨ωH|H

⟨
ω′⏐⏐

V
|SPDC⟩⟨SPDC|

⏐⏐ω′⟩
V
|ωH⟩H

∝ |h(ωH, ωp − ωH)|2 = sinc2
(
L

2
∆k(ωH, ωp − ωH)

)
(4.7a)

PSDV(ωV) =

∫
dω′ ⟨ω′⏐⏐

H
⟨ωV|V |SPDC⟩⟨SPDC| |ωV⟩V

⏐⏐ω′⟩
H

= PSDH(ωp − ωV). (4.7b)

Those spectra have a global maximum at ωH0 and ωV0 = ωp − ωH0, which is where

the phase matching condition ∆k(ωH0, ωp − ωH0) = 0 is satisfied. Two separate spectral
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bands with orthogonal polarization are observed if the difference ωH0 − ωV0 is greater

than the bandwidth of the SPDC photons ∆ωbw. Such states with ωH0 ̸= ωV0 are called

non-degenerate. However, the spectra of the photons completely overlap if the state

is degenerate (ω0 = ωH0 = ωV0). Consequently, the polarization of the photons can no

longer be predicted on the basis of the angular frequency, which is an indispensable

prerequisite for the generation of polarization-entangled photons.

The joint power densities with the corresponding single-photon spectra are plotted

in Figure 4.1

.

for the degenerate case (left) and the non-degenerate case (right).

Figure 4.1 Joint power density |JSA(λH, λV)|2 for the degenerate case

λH0 = λV0 (left) and the non-degenerate case λH0 ̸= λV0 (right). The corre-

sponding power spectral densities of the signal PSDH(λH) and idler PSDV(λV) fields are

depicted outside the frame. The vacuum wavelength of the respective field is denoted by

λX(ω) = 2πc/ωX .

The bandwidth of the SPDC photons ∆ωbw is determined by the FWHM of the

squared sinc-function

sinc2
(
L

2
∆k(ω0 +

∆ωbw

2
, ωp − ω0 −

∆ωbw

2

)
= sinc2(1.39) = 1/2 (4.8)

and can be estimated using a Taylor series expansion of ∆k around the point ω = ω0

∆k(ω, ωp − ω) = ∆k(ω0 +∆ω, ωp − ω0 −∆ω)

= kp(ωp)− kH(ω0 +∆ω)− kV(ω0 −∆ω)− 2π

Λ

≈ −
(
dkH/dω|ω=ω0

− dkV/dω|ω=ω0

)
∆ω

≈ −D∆ω = D(ω0 − ω), (4.9)
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resulting in a bandwidth of ∆ωbw = 4 1.39
L|D| or ∆λbw ≃ 2πc

ω2
0

4 1.39
L|D| where

D = 1
vH

− 1
vV

describes the difference of the inverse group velocities for the sig-

nal 1/vH = dkH/dω|ω=ω0
and idler 1/vV = dkV/dω|ω=ω0

waves.

4.1.3 Temporal Correlation

The orthogonally polarized photon-pair never leaves the birefringent crystal simultane-

ously. Thus, the polarization of the photons can be determined based on their relative

timing. The indistinguishability of the photons, apart from their polarization is a

prerequisite for most applications. With this in mind, we will examine the temporal

behavior of the emitted photon pair in order to compensate its mean temporal walk-off.

The photons of a pair can be separated using a polarizing beam splitter. The rel-

ative timing of the photons ∆t = tH − tV could be measured by placing two detectors

equidistant to the exit surface of the crystal (xH = xV = x). The probability of detect-

ing a signal photon at time tH if an idler photon was detected at time tV is proportional

to the intensity correlation function [53

.

]

G
(2)
SPDC(tH, tV) = ⟨SPDC| Ê†

H(x, tH)Ê
†
V(x, tV)ÊV(x, tV)ÊH(x, tH) |SPDC⟩ (4.10)

where

Êm(x, t) =
1√
2π

∫
e−iωm(t−x/c)âm(ωm) dωm (4.11)

is the positive frequency part of the electric field operator Êm(x, t) + Ê†
m(x, t). In

the calculation of G
(2)
SPDC we follow [26

.

] and calculate first

ÊV(xV, tV)ÊH(xH, tH) |SPDC⟩

=
ζ

2π

∫
h(ω, ωp − ω)e−iω(tH−xH/c)e−i(ωp−ω)(tV−xV/c)dω |Vac⟩

=
ζ

2π
e−iωp(tV−xV/c)

∫
h(ω, ωp − ω)e−iω(∆t−∆x/c)dω |Vac⟩

=
ζ

2π
e−iω0(2tV−2xV/c+L D

2
)

∫
sinc

(
L

2
D(ω0 − ω)

)
e−iω(∆t−∆x/c−L D

2
)dω |Vac⟩

=
ζ

L D
e−iω0(2tV−2xV/c+L D

2
)e−iω0(∆t−∆x/c−L D

2
)Π

(
∆t−∆x/c− L D

2

L D

)
|Vac⟩

=
ζ

L D
e−iω0(tH+tV+(xH+xV)/c)Π

(
∆t

L D
− ∆x

L D c
− 1

2

)
|Vac⟩ (4.12)

where we have used Equations 4.6

.

, 4.5

.

, 4.9

.

, the commutation relation 2.54

.

and∫
sinc(C1 + C2 ω) e

−iωtdω =
π

|C2|
Π

(
− t

2C2

)
e
i
C1
C2

t
(4.13)
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with rectangular function

Π(X) =

⎧⎨⎩1 if − 1
2 < X < 1

2

0 otherwise.
(4.14)

From Equations 4.12

.

and 4.10

.

, we find the G
(2)
SPDC-function:

G
(2)
SPDC(tH, tV) ∝ Π

(
∆t

L D
− 1

2

)
. (4.15)

Figure 4.2 Second-order correlation

function G(2) of signal and idler photons

from SPDC vs. relative timing of the pho-

tons ∆t. The maximal temporal delay ac-

quired in the ppKTP is given by the crystal

lengths L and the difference of the inverse

group velocities D.

The intensity correlation function is zero for ∆t = tH − tV < 0∗

.

. Consequently, we

know that the V photon always reaches its detector first. This results from the different

group velocity of the H and V polarized photons in the birefringent crystal. If the two

photons are generated at the very beginning of the crystal, then the time difference of

the emerging photons is given by ∆t = L D. This difference would be zero if the two

photons are generated shortly before leaving the crystal. But the H photon can never

reach the detector first. Consequently, the polarization of the photons can be deter-

mined based on their time of arrival. In order to make the photons indistinguishable

in terms of their arrival time, the mean time delay or temporal walk-off between the

photons

τoff =
LD

2
. (4.16)

must be compensated. This is accomplished by placing an additional birefringent

crystal behind the SPDC crystal so that the fast axis of the material coincides with the

slow axis of the SPDC crystal. Such a compensation crystal delays the signal photon

relative to the idler photon by τ . A perfect temporal overlap of the photons is achieved

if the additional delay cancels the mean time delay of the photons [52

.

]. The biphoton

state after walk-off compensation can be denoted by

|⨿∆τ ⟩ = ζ

∫
dω h(ω, ωp − ω)e−iωτ â†H(ω)â

†
V(ωp − ω) |Vac⟩ , (4.17)

∗if D = 1
vH

− 1
vV

has a positive value
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with τ = LD
2 +∆τ . The parameter ∆τ results from either insufficient walk-off com-

pensation or a deliberately introduced delay between signal and idler photons. With

perfect walk-off compensation (∆τ = 0), the G(2)-function is centered around ∆t = 0,

and the photons are indistinguishable in terms of arrival time.

G(2)(tH, tV) ∝ Π

(
∆t+ τ

L D
− 1

2

)
= Π

(
∆t

L D

)
. (4.18)

Figure 4.3 Second-order correlation

function G(2) of signal and idler photons

after walk-off compensation vs. relative

timing of the photons ∆t. The full width at

half maximum of G(2) is given by the crystal

lengths L and the difference of the inverse

group velocities D.

4.2 Experimental Setup

A continuous-wave pump laser with a wavelength of λp = 405 nm is focused loosely

into a periodically poled potassium titanyl phosphate (ppKTP) crystal. Signal and idler

photons with horizontal and vertical polarization are generated via SPDC in a collinear

type II configuration. The quasi-phase matching condition is satisfied for wavelength-

degenerate photon pairs at a central wavelength of 810 nm. Two dichroic mirrors are

used to divert the pump beam from the signal and idler photons which are subse-

quently coupled into a sole polarization maintaining single-mode optical fiber (PMF).

The length of the PMF and an additional neodymium-doped yttrium orthovanadate

(Nd:YVO4) crystal are chosen to compensate for the temporal walk-off between the

signal and the idler photons.

4.2.1 Pump Laser

The pump laser used is an Ondax diode laser (LM-405-40) with a central wavelength

of λp = 405 nm and a nominal power of 40mW. The actual output power was remotely

controlled from a computer and set to 27.5mW (diode current 60mA) for most experi-

ments. The manufacturer specifies a spectral line width of λFWHM = 0.08748 pm, which

is achieved by internal wavelength stabilization via volume holographic grating. Such a

bandwidth corresponds to a coherence length of l405 =

√
2 log(2)

π
λ2

∆λFWHM
= 1.25m and

a coherence time of t405 = l405/c = 4.15 ns †

.

.

†±l405 will reduce the interferometric fringe visibility to 50%
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Figure 4.4 Sketch of the source: A continuous-wave pump laser with a wavelength

of λp = 405 nm is focused loosely (f1 = 15 cm) into a ppKTP crystal, generating photon

pairs which are subsequently coupled (f2 = 4 cm, f3 = 31mm) into a sole polarization

maintaining single-mode optical fiber (PMF) with numerical aperture NA = 0.12 rad. An

additional Nd:YVO4 crystal is used to fine-tune the walk-off compensation. To prevent

stray light, an interference filter (IF) was installed in front of the coupler.

The transverse mode of the laser beam is approximately Gaussian but with an

elliptical cross section. Along the x axis a waist of w405x = 297µm (∆xFWHM = 350µm)

and along the y axis a waist of w405y = 240µm (∆yFWHM = 282µm) were measured.

This beam is focused into the SPDC crystal with the lens L1 of focal length

f1 = 15 cm, which creates a waist of wx0 =
f1λ

πw405x
= 65µm and wy0 = 80µm in the

focal plane [54

.

]. These waists correspond to a Rayleigh range (in vacuum n = 1) of

zx = 3.2 cm and zy = 5 cm. Consequently, the longitudinal alignment of the crystal

along the beam is not very critical.

4.2.2 Crystal

The crystal is a periodically poled potassium titanyl phosphate crystal (ppKTP) man-

ufactured (flux grown) by Raicol Crystals with a length of L = 10mm, a poling period

of Λ ∼ 10µm, and a rectangular cross section measuring 1mm× 2mm. It is mounted

on an aluminum block, which is heated by a Peltier element. In addition, there is a

temperature sensor in the aluminum socket, which is connected to a PID controller

together with the Peltier element. With this system, the crystal temperature can be

stabilized to a temperature range of ±0.01 °C.
The pump laser (p) traverses the crystal along its x-axis with a polarization along

the y-direction, producing signal (s) and idler (i) photons that are polarized along

the y- and z-directions (horizontally and vertically), respectively. Potassium titanyl

phosphate (KTP or KTiOPO4) is an optically anisotropic crystal. Its wavelength-
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dependent refractive indices (nx, ny, nz) can be determined by the Sellmeier equation

4.19

.

, and the associated coefficients measured by Fan et al. and Fradkin et al. (see

Table 4.1

.

) [55

.

, 56

.

].

nj0(λ) =

√Aj +
Bj

1− Cj

(λ×106)2

+
Dj

1− Ej

(λ×106)2

− Fj (λ× 106)2 (4.19)

Aj Bj Cj Dj Ej Fj

j = x 2.16747 0.83733 0.04611 0 0 0.01713

j = y 2.19229 0.83547 0.04970 0 0 0.01621

j = z 2.12725 1.18431 0.0514852 0.6603 100.00507 9.68956× 10−3

Table 4.1 Sellmeier equation coefficients for KTP [55

.

].

Note that, λ = 2πc/ω describes the vacuum wavelength. The temperature depen-

dence of these refractive indices has been studied by Emanueli and Arie [57

.

]. For degen-

erate down-conversion with a pump wavelength of λp = λ0/2 (λs = λi = λ0 = 810 nm),

those results can be simplified to Equation 4.20

.

with the parameters from Table 4.2

.

.

np(λ, T ) = ny0(λ) + ap 10−8(T − 25) + bp 10−6(T − 25)2 (4.20a)

ns(λ, T ) = ny0(λ) + as 10
−8(T − 25) + bs 10

−6(T − 25)2 (4.20b)

ni(λ, T ) = nz0(λ) + ai 10
−8(T − 25) + bi 10

−6(T − 25)2 (4.20c)

p s i

a 24.7675 9.8180 16.2689

b 3.8172 -0.3156 2.6904

Table 4.2 Coefficients for a temperature-dependent description of the refractive indices

in Equation 4.20

.

Where the variable T describes the temperature of the crystal in °C. Using those

equations, the condition for degenerate down-conversion can be estimated via
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∆k(ω0, ω0) = kp(2ω0)− ks(ω0)− ki(ω0)−
2π

Λ
= 0

=
2π np(λ0/2, T )

λ0/2
− 2π ns(λ0, T )

λ0
− 2π ni(λ0, T )

λ0
− 2π

Λ

...

0 = 2 np(λ0/2, T )− ns(λ0, T )− ni(λ0, T )−
λ0
Λ
. (4.21)

The above condition is satisfied at a temperature T=44.87 °C, assuming a poling

period of Λ = 10µm. The poling period and refractive indices change when the crystal

is tilted. Therefore, the temperature at which a degenerate down conversion is achieved

depends on the alignment of the source. We found the degenerate state experimentally

at a temperature of T0 =37.15 °C (see Figure 4.9

.

). This can be explained by a slightly

longer poling period Λeff = 10.023µm‡

.

, which may result from manufacturing tolerances

or a small tilt of the pump beam αtilt ∼ 2◦. However, when the laser was switched on

and off, variations of T0 in the range of ±1◦C were observed, but during operation,

the performance of the source was stable at a constant temperature. Presumably, these

variations result from small changes of the pump wavelength and could be avoided with

an optical isolator placed between the laser and L1. The thermal expansion of KTP

along its x-axis is given by [57

.

]

L(L0, T ) = L0 (1 + 6.7× 10−6 (T − 25) + 11× 10−9 (T − 25)2) (4.22)

and causes the poling period to change with temperature. Considering the expansion

of the crystal, degenerate down-conversion is expected at a temperature of T=44.44 °C
(Λ44.44◦C = 10.0013µm). Such a small change of the poling period can be neglected

compared to deviations caused by manufacturing and alignment tolerances.

We use the effective poling period Λeff = 10.023µm and the temperature

T0 =37.15 °C for all subsequent calculations. For parameter estimates or fitting func-

tions, it may be helpful to approximate the wave vector mismatch ∆k(ωH, ωp − ωH;T )

by its partial derivatives at the point of degenerate down conversion

D = − d∆k

dωH

⏐⏐⏐⏐
ωH=ω0,ωp=2ω0,T=T0

=
1

vH
− 1

vV
= −349.71 10−12 (4.23)

DT =
d∆k

dT

⏐⏐⏐⏐
ωH=ω0,ωp=2ω0,T=T0

= 196.17 (4.24)

Dωp =
d∆k

dωp

⏐⏐⏐⏐
ωH=ω0,ωp=2ω0,T=T0

= 722.24 10−12 (4.25)

‡KTiOPO4 has a lattice parameter of ∼ 1 nm, so this deviation corresponds to 23 crystallographic

layers.
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∆k(ωH, ωp − ωH, T ) ≈ −D(ωH − ω0) +DT (T − T0) +Dωp(ωp − 2ω0) (4.26)

A deviation of the pump wavelength of 0.1 nm from 405 nm corresponds to a tem-

perature change of the crystal by 4.22 °C.

4.2.3 Fiber Coupling and Walk-off Compensation

The light leaving the crystal is collimated by lens L2 with a focal length of f2 = 4 cm.

Subsequently, the downconverted photons are branched off from the pump beam by

means of two dichroic mirrors. Behind the second of the two mirrors, a CMOS cam-

era was installed to monitor the position of the pump beam. A laser beam coupler

(Schäfter+Kirchhoff 60SMS-1-0-A3.1-02) with a focal length of f3 = 3.1mm is used to

thread the photons into a polarization maintaining single-mode optical fiber (PM780-

HP) with a numerical aperture of NA = 0.12 rad§

.

(mode field diameter MFD= 5.3µm

@ 850 nm). This results in a collection waist in the center of the crystal of 34µm. An

additional interference filter (Semrock LL01-810) was placed in front of the coupler to

minimize stray light within the fiber.

Figure 4.5 Transmission of the in-

tegrated interference filter (Semrock

LL01-810). The polynomial interpolation

(black line) of the measured transmission

(black dots) has a full width half maximum

of ∆λFWHM = 3nm. In comparison, the ex-

pected spectrum of the down conversion (see

Equations 4.7

.

and 4.26

.

) with much smaller

FWHM (∆λFWHM = 0.55 nm) is plotted in

blue.

In the PMF, two orthogonal polarization modes, one polarized along the fast axis

and one along the slow axis, can propagate with very little cross talk (< −40 dB @

4m). When light is coupled into one of these modes, its polarization is maintained as it

§The numerical aperture NA = 1.224 λ
πMFD/2

of a fiber is often measured as half-angle divergence

of the 5% intensity level of the emerging light. The 5% radius of the emerging light cone is thus

r5%(z) = z NA at a distance z from the fiber. The waist w(z) of a Gaussian beam is defined as the

radius at which the intensity has dropped to 1/e2 = 13.5%. Therefore, r5% is larger than the waist

r5%(z) = 1.224 w(z).
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passes through the fiber. However, to be able to use this feature, one must be careful

when coupling so that the polarization of the light matches with one of the modes of

the fiber.

Figure 4.6 Cross-section of a PMF. This fiber type

is often referred to as polarization maintaining and absorp-

tion reducing (PANDA) fiber. The stress elements create

mechanical stress on the core, causing stress-induced bire-

fringence ∆nPMF = nslow − nfast.

According to the data sheet, the PMF used has a nominal birefringence of

∆nPMF = nslow − nfast = 3.5 10−4. With a fiber length of LPMF = 1.3m, a temporal

delay between the two modes of

τPMF ≃ LPMF∆nPMF

c
= 1.52 ps (4.27)

is expected. The temporal walk-off generated in the ppKTP crystal can be cal-

culated with the length L = 1 cm and the difference of the inverse group velocities

D = −0.35 10−9

τoff =
LD

2
= −1.75 ps. (4.28)

Thus, the PMF compensates most of the walk-off between the horizontally polarized

signal and the vertically polarized idler photon. Due to the manufacturing tolerances

of the fiber, an exact compensation would be possible with an iterative measurement

and cutting process. However, to make the source as indestructible as possible, a

fixed-length PMF with a metal jacket was used.

The remaining temporal difference of the photons was compensated with

neodymium doped yttrium orthovanadate Nd:YVO4 plates placed between the fiber

coupling and the ppKTP. Based on the measurements of Zelmon et al. [58

.

], the

difference of the inverse group velocities of the ordinary and extraordinary ray in a

Nd:YVO4 crystal at room temperature (T = 23 ◦C) and a wavelength of 810 nm results

inDYVO = 8.03 10−12. Thus, using a Nd:YVO4 crystal with a length of LYVO = 0.3mm

results in a temporal delay of

τYVO = LYVODYVO = 0.24 ps, (4.29)

which finally compensates for the walk-off between the signal and idler photons.
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The thickness of the Nd:YVO4 plates has a manufacturing tolerance of ±30µm. In

order to achieve the best possible compensation, different plates were tested.

4.2.4 Alignment

Before starting the realignment of the source, the crystal temperature should be

checked. The temperature at which the generated photons are transmitted by the

interference filter cannot be missed if the crystal temperature is increased or decreased

in increments of 2 °C. If no photons can be detected at the output of the PMF, the

source must be realigned. This procedure works as follows:

1) Connect an alignment laser to the output of the PMF. If the interference

filter in front of the coupler is not removed, a laser with a wavelength of

λ = 810 nm± 1 nm has to be used.

2) Adjust the mirrorM3 such that the light from the alignment laser passes through

the crystal.

3) A short focal length lens (f ∼ 5 cm) can be inserted between the laser and L1.

The diverging light is used to illuminate the crystal. By adjusting the camera lens,

the crystal can be imaged on the CMOS sensor. The center of the crystal must

be marked on the monitor (water-soluble whiteboard marker) or in the software.

After that, the inserted lens can be replaced by a pinhole.

4) The pump laser should be visible as a point on the camera if the exposure time

is set correctly. Use the first mirror M1 and aim the laser at the marked spot.

5) Due to the back reflection of the crystal surface, a spot should be visible on the

back of the pinhole. With the second mirror M2, this spot is set to the center of

the pinhole.

6) Repeat the last two steps until both spots are in the correct position.

7) By adjusting the coupler, the light from the alignment laser can be directed to

the center of the pinhole. Then the pinhole has to be removed.

After this procedure, photons should already be detected when the alignment laser

is replaced with a single photon counter. The photon count rate can be maximized by

adjusting M3 and the coupler. M4 is not needed for the alignment, and its holder has

been replaced with a fixed mount.
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4.3 Performance

4.3.1 Brightness and Heralding Efficiency

Photon pairs emerging from the PMF are separated by means of a PBS and subse-

quently detected. At a pump power 27.5mW, we measured a total coincidence count

rate of Rc = 191 kcps, of which about RAcc = 3kcps were accidental coincidences. For

each polarization, a detection event rate of RH ≃ RV ≃ 951 kcps was recorded. Both

count rates where measured with a photon detection efficiency of ηD = 0.64 (data sheet

of the manufacturer).

The probability that a detected photon has a partner, i.e. is accompanied by a

detection event of the second detector, is referred to as heralding efficiency ηh, which

can be calculated by the coincidence-to-singles ratio

ηh =
(Rc −RAcc)

RH
= 0.20 (4.30)

The singles count rates RH ≃ RV ∝ ηDηAηC, coincidence count rates Rc ∝ η2Dη
2
Aη

2
C,

and thus also the heralding efficiency ηh = ηDηAηC, depend on the detection efficiency

ηD, the transmission probability trough the analyzer ηA, and the coupling efficiency of

downconverted photons into the PMF ηC. If the loss in the analyzer is neglected, the

coupling efficiency of the source results in

ηC =
ηh
ηD

= 0.31 (4.31)

4.3.2 Spectrum

The PMF can be connected directly to a single-photon spectrometer (Ocean Optics

QE65000). When adjusting the crystal temperature, a shift in the spectrum is observed.

A measurement (density plot Figure 4.7

.

left) shows that the spectra of the photons

change with ± 0.20 nm/°C, which agrees very well with the value of ± 0.19 nm/°C
determined from Equation 4.26

.

(yellow dashed line in Figure 4.7

.

left).

The spectra of the signal and idler photons overlap at a crystal temperature of

about 37.4 °C. The spectrum measured at this temperature is plotted in Figure 4.7

.

(right) along with the spectrum predicted by Equations 4.7

.

and 4.26

.

. The FWHM of

the measurement is λFWM = 0.76 nm which is wider than the theoretically predicted

value of λFWM = 0.55 nm. The difference mainly results from the limited resolution of

the spectrometer, which is specified by the manufacturer as 0.31 nm (FWHM).
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Figure 4.7 Left: measured power spectral density vs. crystal temperature

T . The spectra of signal and idler photons overlap at a crystal temperature of about

37.4 °C. The yellow dashed line indicates the predicted central wavelengths (see Equa-

tion 4.26

.

). This measurement was performed without the IF. Right: Measured power

spectral density at a crystal temperature of 37.4 °C. The polynomial interpola-

tion (black line) of the measurements (black dots) has a full width half maximum of

∆λFWHM = 0.76 nm. In comparison, the expected spectrum of the down conversion (see

Equations 4.7

.

and 4.26

.

) with a FWHM of ∆λFWHM = 0.55 nm is plotted in blue.

4.3.3 Two-Photon Interference

Ideally, the photons generated by the source are orthogonally polarized but indistin-

guishable in all their other properties. The visibility of a two-photon interference ex-

periment is a good measure of the indistinguishability of the photons involved. Such

an experiment is performed by means of a HWP, followed by a PBS with single-photon

detectors in each output mode (see Figure 4.8

.

).

Figure 4.8 Arrangement of the detection

module, as used to measure the temperature depen-

dence of the HOM dip visibility. The HWP is rotated

by an angle β = π
8 , resulting in photon bunching at

the PBS. The photons are detected in both outputs of

the PBS by means of avalanche photodiodes (APD).

If the HWP is in a neutral position β = 0, the photons of a pair are split at the

PBS. This leads to coincident events at the detectors with a coincidence count rate

of Rc(0). However, such setup mixes horizontal and vertical polarization modes if the

half-wave plate is rotated by an angle β = π
8 . Consequently, both photons bunch into

the same output mode due to the Hong–Ou–Mandel effect. So if the two photons are
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absolutely indistinguishable, no coincidences can be detected Rmin = Rc(
π
8 ) = 0. But

with distinguishable photons e.g., based on their wavelength, no interference occurs,

resulting in a random splitting of the individual photons. In this case, 50% of the pairs

will end up in the same output mode, and 50% will be split between the output modes.

Therefore, a coincidence count rate of Rmax = Rc(0)/2 is expected. The visibility of

such a Hong–Ou–Mandel dip is given by

VHOM =
Rmax −Rmin

Rmax
, (4.32)

which results in one only if the involved photons are absolutely indistinguishable

(Rmin = 0). The probability of detecting a photon pair emitted by the source is pro-

portional to the two-photon correlation function G
(2)
HOM integrated over the range of the

detectors resolving time. For the detectors used, the resolving time is of the order of

1 ns and is thus much larger than L D = 3.5 ps. Consequently, we can extend the range

of the integral to ±∞ in good approximation

Pc ∝
∫ ∞

−∞

∫ ∞

−∞
dt1dt2G

(2)
HOM(t1, t2)

∝
∫ ∞

−∞

∫ ∞

−∞
dt1dt2 ⟨⨿∆τ | Ê†

T(t1)Ê
†
R(t2)ÊR(t2)ÊT(t1) |⨿∆τ ⟩ , (4.33)

ÊT(t) = cos(2β) ÊH(x, t) + sin(2β) ÊV(x, t) (4.34)

ÊR(t) = cos(2β) ÊV(x, t)− sin(2β) ÊH(x, t) (4.35)

where Ê†
T(t) and Ê

†
R(t) denote the field operators in the transmitted and reflected

output mode of the PBS, respectively. The biphoton state |⨿∆τ ⟩ and the operators

ÊH/ÊV are defined in Equations 4.17

.

and 4.11

.

, respectively. The general solution

of Equation 4.33

.

can be found in Appendix A

.

(see Equation A.15

.

). In the case of

ωp = 2ω0, β = π
8 and ∆τ = 0, the coincidence probability results in

Pc(T ) ≃
1

2
(1− sinc(LDT (T − T0))) , (4.36)

which leads to a temperature-dependent visibility of

VHOM(T ) = V0

1
2 − Pc(T )

1
2

= V0 sinc(LDT (T − T0)) , (4.37)

where L is the length of the crystal and DT is defined in Equation 4.25

.

. The pa-

rameter V0 takes into account that even with a perfectly stabilized crystal temperature

the visibility is less than unity, e.g., resulting from accidental coincidences, polarization

mismatch, the extinction ratio of the PBS, or insufficient walk-off compensation. Figure
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4.9

.

shows the measured visibility as a function of the crystal temperature. The data is

fitted with a function as in Equation 4.37

.

. From the fitted function we find a tempera-

ture T0 = 37.150 ◦C± 0.003 ◦C and a visibility of V0 = 97.54± 0.09. Furthermore, this

measurement shows that a temperature variation of ±0.1 ◦C/±0.01 ◦C corresponds to

a visibility loss of ±0.66%/±0.01%, respectively. A similar calculation shows that the

pump beam wavelength must be in a range of 405± 0.008 nm if the visibility is to be

kept in a range of ±0.5% (see Appendix A

.

).

Figure 4.9 Visibility vs. crys-

tal temperate T . The measure-

ments (red dots) are fitted with a

function as in Equation 4.37

.

(black

line). The fitting results in a temper-

ature T0 = 37.150 ◦C± 0.003 ◦C and a

visibility of V0 = 97.54± 0.09 .A tem-

perature variation of ±0.1 ◦C/±0.01 ◦C

(gray bars) leads to an uncertainty of

visibility of ±0.66%/±0.01% (dashed

lines). The error bars correspond to

the shot noise of the count rate with

an integration time of one second.

A relative delay ∆τ between the photons can be generated by a Michelson interfer-

ometer (see Figure 4.10

.

). A PBS splits the two photons, which subsequently traverse

different paths of the interferometer. The polarization of the photons is rotated by an

angle of π/2 by passing through the quarter-wave plates twice (back and forth). All

photons entering port A will thus end up in Port E of the PBS. The relative delay ∆τ

can be changed via mirror M1, which is mounted on a translation stage. The half-wave

plate in port E is rotated by an angle β = π/8. So if ∆τ = 0, both photons will bunch

into the same output mode of the second PBS.

Figure 4.10 Michelson interferome-

ter as used for the HOM dip measurement.

One photon per pair is transmitted by the

first PBS, and the other is reflected. The

polarization of the photons is rotated by the

QWPs so that both end up in port E. The

HWP @ π
8 ensures bunching on the second

PBS.

In such an experiment, the probability of detecting coincident events is given by
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(see Equation A.15

.

with ωp = 2ω0, β = π
8 and T = T0)

Pc(∆τ) =

⎧⎨⎩
1
2 if L|D|

2 < |∆τ |
1
2 − VHOM

(
1
2 − |∆τ |

L|D|

)
otherwise.

(4.38)

The measured HOM dip is shown in Figure 4.11

.

, fitted with a function as in Equa-

tion 4.37

.

. From the fitted function we find a visibility of VHOM = 93.4± 0.3 and the

parameter L′ |D′| = (3.49± 0.1) 10−12, which can be used to calculate the coherence

time L′ |D′| /2 = 1.745± 0.005 ps, coherence length cL′ |D′| /2 = 523± 1µm, and the

spectral width ∆λFWHM = 0.555± 0.002 nm¶

.

of the photons.

Figure 4.11

Hong–Ou–Mandel dip The

measured count rates (red dots)

are fitted with a function as

in Equation 4.38

.

(black line).

The fitting results in a vis-

ibility of VHOM = 93.4± 0.3

and the parameter

L′ |D′| = (3.49± 0.1) 10−12,

which can be used to cal-

culate the coherence time

tcoh = 1.745± 0.005 ps, coherence

length lcoh = 523± 1µm, and the

spectral width 0.555± 0.002 nm

of the photons. The error bars

correspond to the shot noise of

the count rate with an integration

one second.

¶∆λFWHM = (4 1.39)
L′|D′|

2πc
ω2
0

54



5 Entanglement in Accelerated Reference

Frames

The content of this chapter is based on the publication “Experimental test of photonic

entanglement in accelerated reference frames

.

” [59

.

]∗

.

.

5.1 Introduction

Entanglement is a resource for emerging applications such as quantum metrology and

quantum cryptography, which are just making a leap from the laboratory into practice.

In these promising applications, entanglement at the push of a button is required with-

out worrying about its formation or stability. We have therefore developed a mobile

plug-and-play testbed for quantum entanglement which is easy to use and can withstand

adverse conditions. The result of our efforts is a crate containing a small quantum lab-

oratory to go (QLTG), including all necessary optical and electronic equipment. This

autarkic unit generates polarization-entangled photon pairs and verifies their entangle-

ment. In order to test the stability of this mobile laboratory, we conducted experiments

in free fall in a drop tower and under high stress due to acceleration forces in a cen-

trifuge.

Such experiments are not aimed solely at the development of technologies and meth-

ods necessary for field applications. For the first time, the opportunity has arisen to

systematically test entangled states in accelerated reference frames. The phenomenon

of entanglement, on the basis of which EPR concluded the incompleteness of quantum

mechanics, has since been at the center of extensive discussions that revolve around the

non-local character of these spatial superposition states, which seems in conflict with

the local nature of Einstein’s theory of relativity. Experiments investigating the inter-

play of quantum entanglement and acceleration or gravity are therefore one scenario

where new physical phenomena might potentially arise.

A remarkable, one-shot experiment was carried out where a correlated photon source

was exposed to ultra-high acceleration during an explosion (when the rocket exploded

∗Matthias Fink, Ana Rodriguez-Aramendia, Johannes Handsteiner, Abdul Ziarkash, Fabian Stein-

lechner, Thomas Scheidl, Ivette Fuentes, Jacques Pienaar, Timothy C. Ralph, Rupert Ursin, Experi-

mental test of photonic entanglement in accelerated reference frames

.

. Nature Communications 8, 15304

(2017).
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during the launch phase of the mission), but not during its operation [60

.

]. In a subse-

quent launch this project ultimately succeeded in placing a correlated photon state on

a cubesat into space[61

.

]. Those experiments demonstrate very high stability of optical

alignment under harsh mechanical and thermal conditions but do not directly relate to

properties of entanglement under these conditions.

In the following experiments we investigate photonic quantum entanglement in the

case of flat space-time, where the system experiences uniform acceleration ranging from

0.03 g in a drop tower to up to 30 g in a centrifuge. For this constellation, the expec-

tations for the discovery of new physics are still subdued. However, these studies rep-

resent a first experimental approach to such challenges and demonstrate the technical

maturity of quantum optics.

5.2 Experimental Setup

To provide entangled photons for real-world applications, we have developed a portable

and ultra-stable system that generates and verifies polarization-entangled states. All

the equipment required for this autarkic experiment was housed in a rigid three-level

crate measuring (H×W×D) 45× 54× 37 cm and weighing a total of 45 kg. (see Figure

5.1

.

). The source discussed in Chapter 4

.

is screwed to the stable baseplate (level 1)

while the detection module is installed at the more accessible level 3. A computer

(zotac zbox) mounted on level 2, which can be accessed via an ad hoc wireless network,

is used to remotely control the experiment and store the generated data. The total

power consumption of the crate during the experiment is ∼ 100W. An uninterruptible

power supply (UPS) serves as a battery which can operate the devices for approx. one

and a half hours. This integrated crate design allowed flexible plug-and-play installation

on the drop tower suspension and the centrifuge gondola.

5.2.1 Generation of Polarization-Entangled Photons

The source described in Chapter 4

.

generates horizontal (H) and vertical (V) polarized,

but otherwise identical, signal and idler photons via SPDC in a degenerate collinear

type II quasi-phase matching configuration. From such a state, polarization-entangled

photon pairs can be generated by means of only one additional component. It should

be noted that these were the first experiments carried out with this source and that

a different temperature controller (Thorlabs TC200) was used at the time. With the

TC200 the crystal temperature could be kept in a range of ±0.1 ◦C around 39.6 ◦C for

wavelength-degenerate quasi-phase matching at 810 nm.

A PM fiber guides the photons from the source to the detection module (see Figure

5.2

.

). Subsequently, the photons are either transmitted (T) or reflected (R) at a non-
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Figure 5.1 Sketch of the

crate: Autarkic experiment,

which generates and verifies

polarization entangled states,

housed in a rigid three-level

crate measuring (H×W×D)

45 × 54 × 37 cm and weighing

a total of 45 kg. Source (level

1) and detection module (level

3) are placed at different levels

inside the crate and thus exhibit

different g values in the centrifuge

experiment. Revised version of

Figure 1 in [59

.

].

polarizing beam splitter cube (BS). At this point no interference occurs, since the

photons are distinguishable by their polarization and impinge on the same surface of

the BS. After the beam splitter, each photon is in an equal superposition of being in

mode R and T.

⏐⏐ΨPMF
⟩
= â†H,PMFâ

†
V,PMF |Vac⟩⏐⏐ΨPMF

⟩ BS−−→ 1√
2

(
â†H,T + â†H,R

) 1√
2

(
â†V,T + â†V,R

)
|Vac⟩

=
1

2

(
â†H,Tâ

†
V,T + â†H,Râ

†
V,R

)
|Vac⟩+ 1

2

(
â†H,Tâ

†
V,R + â†H,Râ

†
V,T

)
|Vac⟩

(5.1)

Post-selecting events with one photon in each mode yields a polarization-entangled

state [62

.

]

|Ψ⟩ = 1√
2
(|HT,VR⟩+ e−iφ|VT,HR⟩), (5.2)

where φ describes a polarization dependent phase difference between path T and

R, which is accumulated over all optical elements in the respective paths. Due to post-

selection 50% of the photon pairs are disregarded. The phase was set to φ = π using

a quarter-, half- and quarter-wave plate combination in path R. Thus, the rotationally

invariant state |Ψ−⟩ (see Equation 2.35

.

) was obtained.

5.2.2 Verification of Entanglement

In order to analyze the polarization of the photons, a PBS with detectors in both

output modes was installed in each path. The measurement basis was set by means of
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Figure 5.2 Arrangement of the optical elements: A polarization-maintaining

fiber (PMF) guides the photons generated by the source (see Section 4

.

) to a non-

polarizing beam splitter (BS), which creates an equal superposition for reflection and

transmission for each individual photon. A |Ψ−⟩ state is obtained by setting the relative

phase using a quarter-, half- and quarter-wave plate (QWP, HWP, QWP) combination

accordingly. The polarization of the photons is analyzed in each path by means of a

polarizing beam splitter (PBS) with avalanche photodiodes (APD1, APD2, APD3, and

APD4) in both output modes. Revised version of Figure 1 in [59

.

].

motorized half-wave plates placed in front of each PBS. The passively quenched AIT

detectors (see Section 3.1

.

) used for single photon detection have a dead time of 10µs.

Therefore, the power of the pump laser had to be reduced in order to avoid saturation

of the detectors. Such a reduction of the pump power to ∼ 2mW was achieved by

means of a laser diode current of 84.5mA and a neutral-density filter (ND) with an

optical density of 1.3. In addition, the APDs were protected against stray light by a

colored glass filter and an interference filter (see Figure 3.1

.

).

All four detectors were connected to a single time tagging module (TTM), which

internally calculates the coincidence count rates within a coincidence window of ∼ 3 ns

(FWHM) in real time. The counts were recorded on a connected PC using LabView.

Typical count rates are summarized in Table 5.1

.

.

The visibility of the generated polarization-entanglement of the photon pairs is

measured as

VEx =
N1,4 +N2,3 −N1,3 −N2,4

N1,4 +N2,3 +N1,3 +N2,4
, (5.3)

where Nx,y denotes the detected number of coincidences between detector x and

y. The uncertainty of the count rate can be estimated via
√
Nx,y, assuming Poisson

noise of Nx,y. The standard deviation of the visibility is derived via propagation of
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N1 N2 N3 N4

HV 40 k 39 k 39 k 41 k

DA 41 k 35 k 39 k 38 k

N1,4 N2,3 N1,3 N2,4 N1,2 N3,4 VEx [%] σV [%]

HV 2979 2893 29 28 2916 2971 98.1 ±0.253

DA 3041 2820 68 69 36 52 95.4 ±0.386

Table 5.1 Typical number of counts per second for two different measurement

settings, namely the horizontal/vertical (HV) and the diagonal/anti-diagonal (DA) basis.

The number of single events at detectors 1-4 (see Figure 5.2

.

) are indicated by N1, N2,

N3, and N4, while Nx,y denotes the detected number of coincidences between detector x

and y. Visibility is calculated using Equation 5.3

.

, and the corresponding σV is estimated

assuming Poisson statistics of the count rates.

uncertainty which results in

σV = 2

√
(N1,4 +N2,3)(N1,3 +N2,4)

(N1,4 +N2,3 +N1,3 +N2,4)3
. (5.4)

Table 5.1

.

shows the visibility for two different measurement settings, namely the

horizontal/vertical (HV) and the diagonal/anti-diagonal (DA) basis. The visibility is

limited, for instance, by polarization mismatch and accidental coincidences. The visi-

bility in the DA basis depends additionally on the indistinguishability of the photons.

Partial distinguishability can be caused by poor walk-off compensation or deviations

from the wavelength-degenerate phase matching temperature. Therefore, the visibility

observed in the DA basis is generally smaller than in the HV basis. The temperature

of the crystal may fluctuate within a range of ±0.1 ◦C, and the associated visibility

variation is 0.65% (see Figure 4.9

.

).

However, substituting these visibilities into the entanglement witness of Equation

2.53

.

yields a value of

W = 1− VHV − VDA = −0.935± 0.005 (5.5)

As discussed in Chapter 2

.

, a measurement result of W < 0 can only be achieved

by entangled states. We have thus successfully proven that the photon pairs generated

are entangled in polarization. This witness can be used to estimate a lower bound for

the Bell-state fidelity [63

.

]

FΨ− = ⟨Ψ−|ρ̂exp|Ψ−⟩ ≥ FM
Ψ− =

1

2
(VHV + VDA) =

1

2
(1−W) (5.6)
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Figure 5.3 Drop tower at the Insti-

tute of Concrete Structures at the Tech-

nical University of Dresden. The crate

was dropped from a height of h = 19.6m

and h = 12m for a low-g (almost) free-

fall flight in air. Guide rails kept the

payload on track during flight and im-

pact. A 1.3m-high stack of mattresses

was used to cushion deceleration phase

on ground. Revised version of Figure 2

in [59

.

].

5.3 Drop Tower

The drop tower experiment was carried out at the Institute of Concrete Structures at

the Technical University of Dresden, whose drop tower is normally used for destructive

material tests. Thus, there are no precautions at this facility to prevent the destruction

of falling objects, but guide rails keep the payload on track during flight and impact

(see Figure 5.3

.

). In order to cushion the impact of the 80.5 kg-heavy crate (including

suspension), we used a 1.3m-high stack of foam mattresses. The first drop from a

height of h = 19.6± 0.1m was recorded with a high-speed camera with a frame rate of

2000 fps (see Figure 5.4

.

). In this first test, the crate experienced a free fall for 2.1±0.1 s

and had an impact velocity of approx. 60 km/h. During free fall, the guide rails and

air resistance exerted a force on the crate, but shortly after the locking mechanism was

opened, we were able to measure accelerations as low as 30 ± 3mg. The subsequent

impact caused misalignment of the source and damaged the battery, resulting in the

loss of the recorded data.

The experiments were continued the next day with a new battery and restored

alignment. The impact velocity was reduced to approx. 51 km/h by lowering the drop

height to h = 12 ± 0.1m. In this configuration, two consecutive milli-g experiments,

one with HV and one with DA measurement setting, were performed without the need

for intermediate realignment. The evaluation of the accelerometer data shows a period

of 1.5± 0.1 s between the release and the impact of the crate. The subsequent impact

saturated the accelerometer but did not damage the setup.

In each experimental run, we continuously measured the visibility (see Figure 5.5

.

),

yielding mean values of VHV = 97.3±0.1% and VDA = 96.3±0.1%. Both experiments

can be divided into three phases, in which the crate experienced rest (A), free fall (B),

and impact with rebound (C). The individual visibility measurements are stable during

all these phases within a range corresponding to the measurement tolerance.
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Figure 5.4 Selected frames from the high-speed camera video (2000 fps) of the

h = 19.6m drop. The three images show the crate at the time the camera is activated

(left, frame 1), when it hits the mattresses (center, frame 51), and when the movement

of the crate is reversed (right, frame 161). The evaluation of the images results in an

impact speed of approx. 60 km/h.

Figure 5.5 Visibility and acceleration vs. time during the drop tower exper-

iments. The time-averaged visibility values (horizontal lines) are VHV = 97.3% and

VDA = 96.3%. The visibility was calculated every 500ms (circles for HV and trian-

gles for DA), the corresponding error bars indicate the expected uncertainty due to the

Poissonian statistics of the count rates (3σ). The individual visibility measurements are

stable, during the three phases (rest (A), free fall (B), impact and rebound (C)). In prin-

ciple, the visibility in the DA measurement may vary within a range of 0.66% (gray bar)

due to possible temperature variations of the crystal. The g values measured at the same

time are plotted in blue. The accelerometer was saturated on impact. Revised version

of Figure 3 in [59

.

]
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5.4 Centrifuge

Figure 5.6 Centrifuge as installed

at AMST in Ranshofen. The crate was

screwed to one of the gondolas, which

has a distance of approx. 3m to the ro-

tational axis. The gondolas swivel out-

wards in motion, thus the centrifugal

force acts just like an additional gravi-

tational force on the crate. The frame

of reference (of the accelerometer) rests

on the swing and is depicted for the

cases in which the centrifuge is at rest

and in motion. Revised version of Fig-

ure 2 in [59

.

]

By means of a centrifuge, our experimental setup was exposed to strong acceleration

in a controlled manner. The company AMST in Ranshofen operates a machine which

has sufficient size and power for this purpose. This company was kind enough to

make this machine available for our experiment. At full power, the centrifuge reaches

a rotational speed of NRPM = 94.5 revolutions per minute. The two arms of the

machine each have a total length of 3m, at the end of which a centrifugal acceleration

of maximum 30 g is achieved. At the maximum rotational speed, the gondolas at the

end of the arms (see Figure 5.6

.

) have a velocity of 107 km/h. The resulting air resistance

prevented experimentation at higher speeds.

The crate was mounted on one of the two gondolas of the centrifuge which is

equipped with Ethernet and 230V mains connection via a sliding contact. Therefore,

the battery and the WLAN antenna were removed in this experiment. The centrifuge

was balanced with a counter weight of 37 kg on the opposite gondola. Since those

gondolas swivel outwards when moving, the centrifugal force always acts just like an

additional gravitational force on the crate (negative z-direction in the frame of reference

of the swing).

During the experiment, the speed was increased in increments that corresponded to

an additional acceleration of 5 g. After each step-wise increase of the rotational speed,

a measurement was carried out in both, the HV and the DA bases. Figure 5.7

.

shows

the angular deviation of the pump beam from its initial position α as measured by

the CMOS sensor, along with the averaged single count rates RS (sum of all detectors)

and coincidence count rates RC (sum over all detector combinations). The measured

angle α is small compared to the NA = 120mrad of the PMF. Screwing the crate

to the gondola probably caused a warp of the base plate, leading to a misalignment
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Figure 5.7 Angular deviation of the pump

beam α vs. acceleration as measured by the

CMOS sensor. The pixel size of the sensor is

5.2µm, and the lens used as objective had a focus

length of 5 cm. The given angles α are based on

a Gaussian fit of the intensity distributions mea-

sured by the sensor. The measured misalignment

of the pump beam correlates with the averaged

detected count rates RS (sum of all single detec-

tion events) and RC (sum of coincident events be-

tween all detector combinations).

of the source. Fortunately, the deformation due to the additional centrifugal force

counteracted this deformation. This leads to a slight increase in the count rate at a

higher acceleration. However, the visibility of the polarization entanglement has not

suffered from the misalignment (see 5.8

.

).

Figure 5.8 Visibility and acceleration vs. time during the centrifuge experiment.

The time-averaged visibility values (horizontal lines) are VHV = 98.3% and VDA =

94.8%. The visibility was calculated every 2 s (circles for HV and triangles for DA),

the corresponding error bars indicate the expected uncertainty due to the Poissonian

statistics of the count rates (3σ). The drop in visibility at 15 g is due to the effective

cooling of the crystal. The expected variation of VDA corresponds to a temperature

change of ±0.1 ◦C is 0.66% (gray bar). The lower g values (light blue) represent the

measured data of the accelerometer at level 3 (detection) of the crate. Additionally, the

calculated acceleration at level 1 (source) is plotted (blue). Revised version of Figure 2

in [59

.

]

Since the source and the detection module are located on two different levels in

the crate (∆h = 29.5 cm), they were subjected to different centrifugal forces. Both

accelerations are plotted in Figure 5.8

.

. The small reduction of the DA visibility at
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15 g stems from the effective cooling of the crystal during higher rotational speeds.

The resulting deviation from the degenerate phase-matching temperature introduced

distinguishability of the emitted photon pair and reduced the visibility in the DA basis

(see Figure 4.9

.

). Apart from these small deviations, the visibility was stable throughout

the experiment.

5.5 Conclusion

The QLTG was subjected to various accelerations ranging from 0.03 g in the drop tower

to 30 g in the centrifuge, while continuously measuring the visibility of the generated

polarization-entangled photons. We have observed a slight change in count rates of

3% at a centrifugal acceleration of 30 g, which we attribute to a deformation of the

optomechanics. However, neither the measured visibility in the HV basis nor in the DA

basis suffered from these deformations. An entanglement witness W = 1− VHV − VDA

can be calculated from the data collected at the respective acceleration. These values

are summarized in Figure 5.9

.

.

Figure 5.9 Entanglement witness W (fidelity FM
Ψ−) vs. acceleration : The right

axis of the graph shows the estimated lower bound on Bell-state fidelity FM
Ψ− = (1−W)/2.

All measured witness values (black squares) are below the limit for separable states

(Wsep > 0). The error bars are calculated considering Poissonian statistics (3σ). The

expected variation of W (FM
Ψ−) corresponding to a temperature change of ±0.1 ◦C is

±0.0066 (±0.33%), which is represented as grey area around the linear fit (black line).

Revised version of Figure 5 in [59

.

].

The mean of the witness values W = −0.929± 0.004 is well below the minimum for

separable states (Wsep > 0), which testifies to the entanglement of the photon pairs

generated at g-values ranging from 0.03 g to 30 g. From the measured visibilities a lower

bound for the Bell-state fidelity FM
Ψ− = (VHV+VDA)/2 = (1−W)/2 can be calculated.

The temperature of the SPDC-crystal significantly affects the visibility VDA and thus

the fidelity. The deviation in fidelity to be expected due to temperature fluctuations

of ±0.1 ◦C is shown in Figure 5.9

.

as a grey area around the linear fit and covers the

deviation of the respective mean values.

The linear fit shows a slope of −0.0039%/g ± 0.0066%/g. These experiments thus
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reduce a hypothetical influence on the polarization-entangled state by accelerated ref-

erence frames to a change in fidelity of less than ±0.0105%/g, and demonstrate the

stability of the crate in a range from 0.03 g to 30 g.

The results achieved with the QLTG could be improved with its current version.

Meanwhile, a new PID controller ensures a temperature stability of 0.01 ◦C. Thus,

the variation of visibility in the DA basis is reduced to 0.01%. In addition, actively-

quenched detectors have been installed whose shorter dead time of 20 ns instead of 10µs

increases the maximum count rate by a factor of ten and thus reduces the statistical

error of the measurements.

The arms of the centrifuge can be shortened to 1.5m. Due to the reduced air

resistance, a rotational speed of up to NRPM = 300 revolutions per minute and thus

an acceleration of 150 g can be achieved. However, the required test approval for the

machine is costly and was therefore not applied for. Active source stabilization using

piezo mirrors in a feedback circuit could be used to avoid loss of count rates at higher

accelerations. Using such techniques, interferometric measurements on the centrifuge

are also conceivable.

The conditions of the conducted experiments are close to those of a rocket launch,

so our results could be relevant for emerging satellite missions. We have shown that our

portable quantum optic laboratory involving entangled photons was not only capable of

withstanding such severe stress, but also remained fully functional under these difficult

operating conditions. Our experiment thus demonstrates the extent to which state-of-

the-art quantum hardware can be exposed to such a harsh operational environment,

with the intention of stimulating research on theories beyond the current paradigm

which can be tested with the kind of experiments presented here.
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6 Entanglement-Enhanced Optical

Gyroscope

The content of this chapter is based on the publication “Entanglement-enhanced optical

gyroscope

.

” [64

.

]∗

.

.

6.1 Introduction

Fiber optic gyroscopes (FOG) based on the Sagnac effect are instruments used to

determine the absolute rotation Ω with respect to inertial space [65

.

]. Such devices are

valuable tools in sensing and navigation with applications ranging from spacecraft [66

.

]

and aircraft [67

.

] to self-driving vehicles such as autonomous cars [68

.

].

The Sagnac effect refers to the relative phase ϕS(Ω) experienced by counter-

propagating light waves in a rotating interferometer. This phase difference was discov-

ered by Georges Sagnac in 1913 [69

.

, 70

.

] in an attempt to observe the “relative circular

motion of the luminiferous ether within the closed optical path”[71

.

, 72

.

]. Along with

the experiments of Michelson and Morley [73

.

], it is considered one of the fundamental

experimental tests of Einstein’s theory of relativity [74

.

]. There are still discussions

about the relativistic correction for this effect [65

.

, 75

.

, 76

.

, 77

.

].

The precision of an optical gyroscope is determined by the phase response ∂ϕ/∂Ω as

well as the minimum phase resolution ∆ϕ. The phase response ∂ϕ/∂Ω = S ∝ A⟲⟳/λ, or

scale factor S, is proportional to the area A⟲⟳ enclosed by the counter propagating waves

and inverse proportionality to the wavelength λ of the interfering wave. In commercial

fiber optic gyroscopes (FOG), the phase response is amplified by increasing the effective

area enclosed by the optical paths by using an optical fiber-coil. Another strategy to

improve the precision is to use shorter wavelengths. Therefore, the Sagnac effect was

examined with X-rays [78

.

] as well as with de Broglie waves such as electrons [79

.

],

neutrons [80

.

], and atoms [81

.

, 82

.

, 83

.

]. The generation and guiding of such waves,

however, is rather difficult in comparison to optical electromagnetic waves, and the

area enclosed by such gyroscopes is rather small compared to the FOG.

The phase resolution of a FOG is limited by various sources of noise and depends
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. New Journal of Physics 21, 053010 (2019).

67

https://doi.org/10.1088/1367-2630/ab1bb2
https://doi.org/10.1088/1367-2630/ab1bb2
https://doi.org/10.1088/1367-2630/ab1bb2


Entanglement-Enhanced Optical Gyroscope

on the light source used. The most fundamental reason for limited precision is the

shot noise of a number of individual photons, which is caused by the quantization

of the electromagnetic field itself. For coherent states of light, the number of photons

detected in a time interval τ follows a Poissonian distribution and thus varies — without

phase change — with ∆M =
√
M (i.e. the standard deviation) around the average

number of detected photons M . Moreover, this noise puts a fundamental boundary

on the phase resolution ∆ϕ > ∆ϕSNL = 1/
√
M achievable with coherent or thermal

states, which is called the shot-noise limit (SNL) [39

.

]. While the phase resolution

can obviously be enhanced by increasing the average photon rate, arbitrarily accurate

measurements are prevented by additional phase noise resulting from detrimental effects

like nonlinear Kerr effects or coherent back-scattering induced at high power levels

[84

.

, 85

.

]. Consequently, a trade-off between these additional noise sources and the SNL

has to be made to find the optimal operating point in any practical FOG.

Quantum metrology provides a route to improve the precision of measurement to

levels which would be impossible with classical resources alone [14

.

]. One strategy is to

reduce the shot noise of the count rate by using photons with a “collective behavior”

(entangled photons) in order to measure an optical phase with a higher precision per

photon. The canonical example of such states are path-entangled NOON states. All

N > 1 photons of such a state are in an equal superposition of being in either one

of the two modes of an interferometer, resulting in a shortened de Broglie wavelength

λ/N , where λ denotes the physical wavelength of the individual photons [16

.

]. This

leads to an increase of the interferometric fringe pattern frequency by a factor of N

(super-resolution) without changing the physical wavelength of the photons. Thus, λ

can be chosen for optimized transmission through optical single-mode fibers (SMF).

Only considering quantization noise, the phase uncertainty resulting from an average

of M/N consecutively detected NOON states (i.e. M photons are detected in total)

is given by ∆ϕNOON = 1/
√
NM [39

.

]. This entanglement-enhanced phase precision is

smaller by a factor 1/
√
N than the SNL ∆ϕSNL = 1/

√
M . In particular, using NOON

states the relative phase imparted on the interferometric modes can be determined

with the same precision as if consecutive single photons with N -fold energy (N times

shorter wavelength), or N times more photons were detected. The fundamental limit

in quantum mechanics is the Heisenberg limit ∆ϕHL = 1/M , which retains its validity

for arbitrary photon states.

An improved resolution in interferometric phase measurements by using NOON

states was proposed by Jacobson et al. [16

.

], while the application in a Sagnac in-

terferometer was proposed by Kolkiran and Agarwal [86

.

]. The applicability of these

non-classical states in metrology has already been widely demonstrated in other inter-

ferometric settings [15

.

, 31

.

, 87

.

, 88

.

, 89

.

], while the measurement advantage, or quantum
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enhancement, has not yet been used to measure a phase shift imparted by accelerated

or rotational motion. Bertocchi et al. experimentally compared the resolution of a FOG

fed either with coherent states or single-photon Fock states [90

.

]. To our knowledge this

was the first attempt to study the precision of FOG with non-classical states of light.

In this Chapter, we investigated the interference signal of the counter-propagating

modes in the FOG at different rotational speeds and use the canonical example of a

two-photon NOON state (N = 2) to provide phase sensitivity beyond the shot-noise

limit. Subsequently, the effects of loss and the technical applicability of such a device

are discussed.

6.2 Methods

6.2.1 Sagnac Effect

A Sagnac interferometer consists of a beam splitter whose output modes are connected

by a closed optical path (see Figure 6.1

.

). In case of FOGs this closed path is realized by a

single-mode fiber coil of length L and radius r. Half of the light passes through the fiber

in a clockwise direction. The remaining 50% of the light propagates counterclockwise

in the interferometer before both spatial modes are superimposed at the same BS.

Ω

photodiode

8
1
0
n
m

D
io

d
e 

La
se

r

BS

Figure 6.1 Bulk optics Sagnac interfer-

ometer: The light of a laser is split by a

non-polarizing beam splitter cube. Half of the

light propagates through the interferometer in

a clockwise direction, and the other half propa-

gates counterclockwise. Both modes are super-

imposed at the same BS and the resulting in-

terference signal is measured by a photodiode.

If the interferometer is rotating with an angular velocity Ω, a phase shift ϕS ∝ ΩA⟲⟳

between counter propagating waves is accumulated. The effective area enclosed by

the light path in a fiber coil A⟲⟳ = NW πr2 = L r
2 depends on the number of windings

NW = L/(2πr). This effect is named after its founder Sagnac and applies to a kinematic

effect of the special theory of relativity [74

.

].

Grigorii B. Malykin derives this phase shift in the framework of the STR, as fol-

lows [65

.

]. In the non rotating laboratory frame of reference K, the propagation time
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difference ∆t(Ω) = t+ − t− of the counter propagating waves can be calculated as

∆t(Ω) =
l+

v+ph
− l−

v−ph
=

4 A⟲⟳ Ω

c2(1− r2Ω2/c2)
=

2 L r Ω

c2(1− r2Ω2/c2)
. (6.1)

The superscript + or− indicates a propagation of the light in or against the direction

of rotation, respectively. The path lengths l± = L ± rΩt± of the counter-propagating

waves differ because of the movement of the BS during the propagation of the light.

The phase velocities are different due to relativistic velocity addition v±ph = c/n ± rΩ
1 ± c/n rΩ/c2

.

It is worth mentioning that the resulting time difference ∆t(Ω) is independent of the

phase velocity, which makes FOGs independent of the refractive index of the fiber.

Since the photodiode co-rotates with the interferometer, one has to use the Lorentz

transformation to calculate the time difference as observed in the rotating frame of

reference K’.

∆t′(Ω) =

√
1− r2Ω2

c2
∆t(Ω) =

2 L r Ω

c2
√
1− r2Ω2/c2

(6.2)

The measured phase difference of the counter propagating waves can be calculated

via Equation 6.3

.

with the wavelength of the source λ′ in the frame of reference K’.

ϕ′S(Ω) =
2π c

λ′
∆t′(Ω) =

4π L r Ω

λ′ c
√
1− r2Ω2/c2

(6.3)

The Sagnac phase derived in this way does not consider the length contraction of

the fiber coil. A more detailed discussion on this topic can be found in “Relativistic

Sagnac Effect and Ehrenfest Paradox” by Ghosal et al. [76

.

]. At low angular velocities√
1− r2Ω2/c2 ≃ 1, however, Equation 6.3

.

can be approximated by

ϕS(Ω) =
4π L r

λ c
Ω = S Ω, (6.4)

with the scale factor

S =
4π L r

λ c
. (6.5)

6.2.2 Experimental Setup

The basis of the experimental setup is the rigid three-level crate used in the centrifuge

and drop tower Experiments (see Chapter 5

.

). In order to measure the Sagnac effect, we

developed a detection module which incorporates a fiber-based Sagnac interferometer

(see Figure 6.3

.

). The coil, consisting of a single-mode optical fiber (780-HP) with a

length of L = 270.5m wound with a radius r = 7.8 cm is passively stabilized against

temperature drifts with a cardboard box and bubble wrap. The fiber coil is not per-

fectly circularly wound and has extra loops for the polarization controller and the PBS
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connections. Therefore, Equation 6.4

.

with scale factor S = 1.09 is only a rough estimate

of the expected phase shift.

Figure 6.2 Rotation platform: A rigid

three-level crate containing a photon source,

a fiber based Sagnac interferometer, single

photon sensitive detectors, and electronic

equipment was mounted on a custom made

rotation platform. A remotely controlled

personal computer (PC) was used for data

storage and to control the experiment. All

electronics within the crate were driven via

uninterruptible power supply. The opti-

cal fiber coil of the Sagnac interferometer

was passively stabilized against tempera-

ture drifts with a cardboard box and bubble

wrap. Revised version of Figure 1 in [64

.

].

The crate containing the optical setup and the required electronic control equipment

was mounted on a customized rotation platform (see Figure 6.2

.

). All electronics within

the crate were driven by an uninterruptible power supply (UPS). A computer which can

be accessed via an ad hoc wireless network was used to remotely control the experiment

and store generated data. The original motor of the mixer was replaced by a three-

phase motor. We were able to adjust the rotational speed of the setup by controlling

the motor by means of a variable-frequency drive. A commercially available gyroscope

(Dytran Instruments Inc.) was used to log the rotational velocity.

6.2.3 Optical Setup

The source (see Chapter 4

.

) generates horizontal (H) and vertical (V) polarized, but

otherwise identical, signal and idler photons via SPDC in a degenerate collinear type II

quasi-phase matching configuration at a wavelength of λ = 810 nm. For the following

experiments we used a pump power of 27.5mW (laser diode current of 60mA without

ND-filter). At the output of the PMF we measured a single-photon count rate of

RH ≃ RV ≃ 951 kcps for each polarization, of which Rc = 191 kcps were detected in

pairs. To be able to count such high photon rates, we used actively-quenched detectors

(Excelitas SPCM-800 see Section 3.1

.

). A polarization maintaining single-mode fiber

collects the down-converted photons and guides them to the Sagnac interferometer.

The two-photon state
⏐⏐ΨPMF

⟩
at the output of the polarization maintaining fiber is

transformed by a half-wave plate (at 22.5◦) to a NOON state in the polarization modes
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Figure 6.3 Scheme of the optical arrangement: The source (see Chapter 4

.

) gen-

erates horizontal (H) and vertical (V) polarized signal and idler photons (λ = 810 nm).

A polarization maintaining single-mode fiber (PMF) guides them to the Sagnac interfer-

ometer. A half-wave plate (HWP) at 22.5◦ rotates their polarization before they enter

the interferometer. A polarizing beam splitter (PBS) with ports a,b,c, and d converts

the polarization modes to spatial modes. The single-mode fiber (SMF) coil has a length

of L = 270.5 m and is wound with a radius of r = 7.8 cm. A HWP within the loop and a

fiber polarization controller are used to match the input and output polarization of the

coil. The photons leaving the PBS through port d are measured in a mutually unbiased

basis. Two avalanche photon diodes (APD) generate electrical pulses which are recorded

by a time tagging module (TTM). Revised version of Figure 1 in [64

.

].

H and V.

⏐⏐ΨPMF
⟩
= |1H, 1V⟩

HWP−−−→ |1D, 1A⟩ =
1√
2
(|2H, 0V⟩ − |0H, 2V⟩) (6.6)

In such state, either both photons are polarized horizontally or vertically. Addi-

tionally, for providing reference measurements with single photons, a one-photon state

|1H, 0V⟩ could be generated by inserting a horizontally oriented polarizer P̂ directly

after the PMF. Subsequently, the HWP rotates the polarization of the photon to anti-

diagonal.

P̂
⏐⏐ΨPMF

⟩
= |1H, 0V⟩

HWP−−−→ |0D, 1A⟩ =
1√
2
(|1H, 0V⟩ − |0H, 1V⟩) . (6.7)

The PBS of the Sagnac interferometer converts the polarization modes to spatial

modes, which are both coupled to the different ends of a single-mode fiber coil. Trans-

mitted photons thus propagate in a clockwise (⟳) and reflect in a counterclockwise (⟲)
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direction through the single-mode fiber. Thus, the state coupled to the SMF can be

denoted in a generalized form

⏐⏐Ψin
⟩
=

1√
2
(|N⟳, 0⟲⟩ − |0⟳, N⟲⟩) , (6.8)

with N being either 1 or 2 in case of a measurement with or without the polarizer,

respectively. In the fiber, the photons undergo a relative phase shift which is described

by the operator Û(ϕ) = eiN̂ϕ, whereby N̂ = â† â represents the photon number opera-

tor. Consequently, the state at the output of the fiber can be written as

⏐⏐Ψout
⟩
= Û

⏐⏐Ψin
⟩
=

1√
2
(|N⟳, 0⟲⟩ − eiN(ϕS(Ω)+ϕ0) |0⟳, N⟲⟩). (6.9)

where ϕ0 accounts for an initial offset caused by the SMF. Subsequently, the pho-

tons leave the interferometer in port d after passing the PBS a second time. A HWP

within the loop and a fiber polarization controller are used to match the polariza-

tion accordingly. Thus, the modes ⟳ and ⟲ convert to polarization modes H and V,

respectively.

⏐⏐⏐Ψd
⟩
=

1√
2
(|NH, 0V⟩ − eiN(ϕS(Ω)+ϕ0) |0H, NV⟩). (6.10)

Performing a polarization measurement, in the HV basis, in port d, provides infor-

mation about the propagation direction of the photons in the coil. Such which-way

information (⟳/⟲) is not accessible if the measurement is carried out in a mutually

unbiased bases e.g., DA basis. Consequently, the interference of these modes becomes

visible. Such a measurement is realized by means of a HWP at 22.5◦ followed by a PBS

with two APDs, one in each output.

Using the optional polarizer, only single photons (N = 1) are guided through the

interferometer. The probability that such a photon arrives at APD1 (APD2) is indicated

by P1 (P2).

P1 =
⏐⏐⏐⟨1D, 0A ⏐⏐⏐Ψd

⟩⏐⏐⏐2 = sin2
(
1

2
(ϕS(Ω) + ϕ0)

)
P2 =

⏐⏐⏐⟨0D, 1A ⏐⏐⏐Ψd
⟩⏐⏐⏐2 = cos2

(
1

2
(ϕS(Ω) + ϕ0)

) (6.11)

Since we assumed ideal conditions when deriving
⏐⏐Ψd

⟩
(e.g., perfect transmission,

no background, ideal input state
⏐⏐ΨPMF

⟩
), the probabilities P1 and P2 become zero

when removing the polarizer. In the case of the resulting two-photon state (N = 2),

coincidences between the detectors occur with a probability of

P1,2 =
⏐⏐⏐⟨1D, 1A ⏐⏐⏐Ψd

⟩⏐⏐⏐2 = cos2 (ϕS(Ω) + ϕ0) (6.12)
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With the detectors used, the cases where both photons end up at the same APD

P1,1 =
⏐⏐⏐⟨2D, 0A ⏐⏐⏐Ψd

⟩⏐⏐⏐2 = 1

2
sin2 (ϕS(Ω) + ϕ0)

P2,2 =
⏐⏐⏐⟨0D, 2A ⏐⏐⏐Ψd

⟩⏐⏐⏐2 = 1

2
sin2 (ϕS(Ω) + ϕ0)

(6.13)

cannot be distinguished from single events present in the experiment. However, as

Ω increases, the probability P1,2 and thus the count rate RN=2 ∝ P1,2 oscillate faster

than RN=1 ∝ P2. This increase in fringe frequency is known as super-resolution.

6.3 Results

Two sequential measurement runs were performed using a one-photon state (N = 1)

and a two-photon NOON state (N = 2), with and without the polarizer, respectively.

For each run, the angular velocity was increased gradually from Ω = 0 to Ω = 5.6 rad/s,

resulting in a full 2π phase shift according to Equation 6.10

.

. For each setting of Ω we

accumulated data for a total of ∼ 19 s and evaluated the one-photon (two-photon) count

rates RN=1 (RN=2) with an integration time τ1 = 5ms (τ2 = 20ms), leading to ∼ 3800

(∼ 950) data points per angular velocity setting. The different integration times used in

the measurements account for the rarity of detected two-photon events compared to the

one-photon events. Thus, in both measurements about the same number of detected

photons per data point were processed. Figure 6.4

.

(top) shows the single photon count

rate RN=1 of APD2 during the first measurement run, whereas Figure 6.4

.

(bottom)

shows the two-photon coincidence count rate RN=2 between APD1 and APD2 obtained

in the second measurement run.

A comparison of the two graphs clearly shows the increased fringe oscillation fre-

quency of RN=2. The data of both measurements is fitted with the function

RN (Ω) =
MN

N
cos2

(
N

2
(SN Ω+ ϕ0N )

)
+BN (6.14)

with N ∈ {1, 2} and the fit parameters MN , BN , SN and ϕ0N , wheres MN denotes

the total number of photons detected per integration time τN , in the respective photon

state. The amplitude in Figure 6.4

.

(top) is about twice as large as in Figure 6.4

.

(bottom),

but MN is approximately the same for both measurement runs (∼ 2000). The scaling

factor SN is expected to be approximately equal to the value S = 1.09, as calculated

in Section 6.2.2

.

, and the phase shift caused by the fiber coil ϕ0N was set to ∼ π/2 =

1.57 using the fiber-polarization-controller. The background BN results mainly from

uncorrelated residual background counts but also from imperfect overlap of the counter

propagating modes. The best-fitting parameters are presented in Table 6.1

.

. The error

estimation of the fit parameters was determined via bootstrapping.
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Figure 6.4 Count rate vs. angular velocity Ω: The red (blue) dots in the top

(bottom) graph indicate the detected number of single- (two-) photon counts RN=1

(RN=2) per τ1 = 5ms (τ2 = 20ms). The plotted measurement series consists of 64,688

(16,204) individual measurements of RN=1 (RN=2). The solid black line is a fit function

of the form of 6.14

.

. The dashed lines indicate the 99% confidence interval around the

fitted function if only Poissonian error of the predicted count rate is assumed. Those lines

contain 97.25% (95.88%) of the measured data, which is less than 99% due to unresolved

phase errors. Revised version of Figure 2 in [64

.

].

MN BN SN ϕ0N

N = 1 1955± 1 63± 1 1.09179± (0.09× 10−3) 1.6767± (0.23× 10−3)

N = 2 1956± 1 49± 1 1.08903± (0.15× 10−3) 1.6629±)0.47× 10−3)

Table 6.1 Fit parameters of Equation 6.14

.

as plotted in Figure 6.4

.

.

The vertical distribution of the individual measurements with respect to the fit

function (see Figure 6.4

.

) is caused by statistical count rate fluctuations. A Pearson

chi square test was performed with the data collected at Ω = 0 (see Figure 6.5

.

). This

test, with the null hypothesis of Poisson-distributed count rates, yielded a p-value of

0.78 (0.86) for the first (second) measurement run. These values correspond to the

probability that a count rate distribution with even greater deviation from a Poisson

distribution is observed, even if the source is perfectly Poisson. The observed count

rate distribution is thus very well described by a Poisson distribution.

The horizontal distribution of the individual measurements in Figure 6.4

.

, stems

from variations in the rotational velocity of the modified cement mixer. The period of
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Figure 6.5 Histogram of the count rates measured at a rotational velocity

of Ω = 0. The red (blue) graph corresponds to the first (second) measurement run

with Ω = 0. The gray bars represent a Poisson distribution with a mean value of

M1 = 956 (M2 = 56). The dashed grid lines indicate the 99.73% confidence interval

of this distribution, which includes 99.77% (99.47%) of the measured data. A Pearson

chi-square test with the null hypothesis of Poisson-distributed count rates, revealed a

p-value of 0.78 (0.86). A normal distribution with the same mean value and a standard

deviation
√
M1 (

√
M2) is plotted as black solid line.

the variation with the largest amplitude corresponds to the duration of one revolution

of the rotation platform, while the duration of the second largest contribution corre-

sponds to one revolution of the drive wheel (gear ratio of 11:1). This deterministic

variation of Ω was measured with a commercial gyro sensor. By knowing the timing of

individual detection events, we were also able to resolve those variations with the FOG.

Therefore, this variation does not affect further error calculations. The correlation of

the coincidence count rate and the rotational velocity, as measured by the commercial

gyro sensor, is shown in Figure 6.6

.

.

Figure 6.6 Coincidences

RN=2 and angular velocity Ω

vs. time: The angular velocity Ω

varies in time and was measured

with a commercial gyroscope

(black solid line). The blue dots

indicate the coincidence count

rate RN=2, with integration time

of 20ms. The period of the varia-

tion corresponds to the duration

of one completion revolution

(1.8 s). Revised version of Figure

3 in [64

.

].
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6.4 Precision Beyond the Shot-Noise Limit

6.4.1 Estimation Based on Fitting Parameters

The shot-noise limit is a strict bound on the minimum phase shift

∆ϕ > ∆ϕSNL = 1/
√
M that is resolvable with a coherent state of light with a

mean photon number M . The fundamental limit in quantum mechanics is the Heisen-

berg limit ∆ϕHL = 1/M , which retains its validity for arbitrary photon states. With

quantum devices one may exhibit sub-SNL phase sensitivity ∆ϕHL < ∆ϕ < ∆ϕSNL.

We are interested in the precision of the rotational velocity, which is proportional to

the phase shift caused by the Sagnac effect ∆Ω ∝ ∆ϕS (see Equation 6.4

.

). Considering

the coil geometry as given (fixed scaling factor S), we compare the precision, which

was achieved with 2000 single (N = 1) or pairwise path-entangled (N = 2) photons.

In order to get a measure of the rotational velocity ΩE , we use the inverse function of

Equation 6.14

.

.

ΩE(RN ) =
1

SN

⎛⎝2/N cos−1

⎛⎝√N(RN −BN )

MN

⎞⎠− ϕ0N

⎞⎠ (6.15)

The uncertainty in the measured velocity attributed to the Poisson distribu-

tion of RN (see Figure 6.5

.

) can be estimated via propagation of uncertainty

∆ΩE(RN ) = |∂ΩE/∂RN |
√
RN . Usually, gyroscopes are operated at the point of best

precision, which is called bias point. The expected count rate at such point RBias
N can

be calculated by minimizing ∆ΩE(RN ) as a function of RN , resulting in

RBias
N =

√
BN (MN/N +BN )

=
√
RMin

N RMax
N (6.16)

with

RMin
N = BN

RMax
N =MN/N +BN .

That ϕ0N can be set such that RBias
N corresponds to any Ω of interest. The precision

at the bias point is given by

∆ΩE(R
Bias
N ) =

1

SN
√
NMN

√
1 + 2N/MN

(
BN −

√
BN (MN/N +BN )

)
=

1

SNN
√
RMax

N +RMin
N − 2RBias

N

. (6.17)
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In the limit of zero background Equation 6.17

.

yields

lim
B→0

∆ΩBias
E = 1/(SN

√
MNN), (6.18)

which represents with N = 1 the SNL of the measurement system. Using the fit

parameters of Table 6.1

.

, results in a limit of ∆ΩSNL = 0.0207 rad/s. By using NOON

states one expects improved precision which decreases towards the Heisenberg limit

limN→MN
∆ΩSNL = ∆ΩHL = 1/(SNM) = 469× 10−6 rad/s .

The precision at the bias point of the first measurement run can be estimated

with Equation 6.17

.

and yields a value of ∆ΩE(R
Bias
1 ) = 0.02478 rad/s. This value

is slightly worse than ∆ΩSNL mainly because of the background. In the case of the

second measurement run, Equation 6.17

.

yields ∆ΩE(R
Bias
2 ) = 0.01832 rad/s, which is

an improvement in precision over the first measurement as well as against ∆ΩSNL. This

estimation of ∆Ω based on the fit parameters thus confirms sub-SNL precision of the

second measurement run.

∆ΩSNL ∆ΩE(R
Bias
N ) ∆ΩHL

N = 1
0.0207

/> 0.0248 >
469× 10−6

N = 2 > 0.0183 >

Table 6.2 Comparison of the measurement precision achieved with M = 1955

photons detected on average. The precision at the bias point ∆ΩE
Bias, is estimated via

fit parameters of Table 6.1

.

. ∆ΩSNL = 1/(S
√
M), and ∆ΩHL = 1/(SM) is the shot-noise

limit and Heisenberg limit of the measurement system, with a scale factor S = 1.09,

respectively. All values are given in rad/s.

6.4.2 Estimation Based on Residuals

Equation 6.15

.

assigns a rotational velocity value to each measured count rate ΩE(R
i
N ).

Those values deviate from the reference value Ω, as measured with an commercial gyro

sensor. These residuals (ΩE(R
i
N ) − Ωi) are approximately normally distributed with

a standard deviation ∆Ω (see Figure 6.7

.

), which yields the experimentally determined

precision of a single measurement consisting of 2000 photons.

Notice that the precision of the reference sensor is 1.7µrad/s and therefore one

order of magnitude smaller than the expected value of our device. We estimated ∆Ω

for each block of measurements with similar rotational velocity. The values are plotted

along with the absolute values of the residuals in Figure 6.8

.

. The uncertainty of the

measured precision is calculated by bootstrapping.

The best precision ∆Ωmin of the respective measurement run was determined with

the data enlarged in Figure 6.8

.

, which are close to the bias-point. The precision of
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Figure 6.7 Histogram of residuals

ΩE(R
i
N ) − Ωi. The data used for the

histogram are from the second measure-

ment run and the block with the small-

est precision measured (enlarged in Figure

6.8

.

(bottom)). This data set has a preci-

sion of 0.0189±0.0004 rad/s and an accuracy

(systematic errors) of 0.0097±0.0007 rad/s.

A fitted normal distribution is plotted in

black.

Figure 6.8 Measured precision ∆Ω vs. rotational velocity Ω. The absolute

values of the residuals |ΩE(R
i
N )−Ωi| are plotted as red dots (blue dots) in the top (bot-

tom) graph for the first (second) measurement run with N = 1 (N = 2). The measured

precision —including uncertainty calculated by bootstrapping— of each measurement

block is indicated by black error bars. The dashed line represents the shot-noise limit

∆ΩSNL. The uncertainty estimated via ∆ΩE(RN (Ω)) is indicated by a solid green line.

The measurement block with the best precision (darker colored) is magnified in the in-set.

Revised version of Figure 4 in [64

.

].

the NOON state measurement is, mainly due to background, slightly worse than the

theoretical predicted limit ∆ΩSNL/
√
2 = 0.0146 rad/s. Nevertheless, the measurement

precision obtained with the two-photon state outperforms the one-photon state and is
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below ∆ΩSNL thus demonstrating sub-SNL precision.

∆ΩSNL ∆Ωmin ∆ΩE(R
Bias
N ) ∆ΩHL

N = 1
0.0207

/> 0.0250± 0.0002 0.0248 >
469× 10−6

N = 2 > 0.0189± 0.0004 0.0183 >

Table 6.3 Comparison of the measurement precision achieved with M = 1955

photons detected on average. ∆Ωmin denotes the best precision of the respective measure-

ment run (enlarged in Figure 6.8

.

). The precision at the bias point ∆ΩE
Bias, is estimated

via fit parameters of Table 6.1

.

.∆ΩSNL = 1/(S
√
M) and ∆ΩHL = 1/(SM) represent the

shot-noise limit and Heisenberg limit of the measurement system, with a scale factor

S = 1.09, respectively. All values are given in rad/s.

6.5 Loss

So far we have used our gyroscope to investigate the precision of measurements con-

sisting of M ∼ 2000 detected photons. An equal number M for the two tested states

was experimentally achieved by adjusting the integration time accordingly. Using path-

entangled two-photon sates, we observed an advantageous effect on the measurement

precision that cannot be achieved with classical resources alone. However, the pre-

sented FOG is not yet competitive with classical devices using brighter photon sources.

Assuming NOON states with comparable brightness, a further disadvantage of these

states would have to be considered. Such states are more susceptible to loss, since all

N photons of such a state must be detected in order to obtain phase information. This

vulnerability of the photonic states is of crucial importance when comparing measure-

ments with an equal amount of photons at the input of the interferometer. For such

scenarios, certain transmission thresholds required for actual sensor improvement can

be calculated [37

.

, 91

.

, 92

.

]. With the NOON state “chopping” strategy [39

.

, 40

.

], the

state used for the measurement can be optimized for a limited total transmissivity of

the system η (including detection efficiency). The key point of this strategy is to adjust

the photon number N of a NOON state to N < 1/(1− η). Thus, the inequality

η > 1− 1

N
(6.19)

indicates whether a NOON state consisting of N photons is the optimal choice for

the measurement system. The transmission and detection probabilities of photons, of

our FOG , are shown in Table 6.4

.

. The transmissivity of the interferometer alone is

close to the 50% limit for N = 2 states.

In the following, we will examine the conditions for NOON states to be advantageous
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6.5 Loss

Source Interferometer Detection Total

η 0.319 0.485 0.64 0.1

Table 6.4 Probabilities of transmission and detection of photons in the FOG.

in FOGs. In doing so we assume a mean number of photons at the input of the

interferometer M0 and consider shot noise of the count rate, the transmissivity of

the single-mode-fiber ηSMF, as well as the transmissivity of the remaining setup η0

(including detection efficiency). Thus, a number of M =M0(η0 ηSMF(λ, L))
N detected

photons is expected. In the limit of zero background, Equation 6.17

.

yields a precision

of

∆ΩBias
E (L,N) =

1

SN
√
NM0(η0 ηSMF(λ, L))N

=
λ c

4πLR
√
NM0(η0 10−α(λ) 10−4 L)N

, (6.20)

with the attenuation coefficient of the optical fiber α(λ) expressed in units of dB/km.

This approximation predicts improved precision for arbitrarily larger radii and higher

count rates. However, there is an optimum for the fiber length. At a wavelength of

λ = 1550 nm, the attenuation coefficient α is about 0.18 dB/km [93

.

]. Figure 6.9

.

shows

the precision ∆ΩBias
E (L, 1) and ∆ΩBias

E (L, 2) for such wavelength as a function of L for

both η0 = 1 (solid lines) and η0 = 0.6 (dashed lines).
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Figure 6.9 Precision vs. fiber length L (λ = 1550 nm): The precision

∆ΩBias
E (L,N = 1) and ∆ΩBias

E (L,N = 2) for η0 = 1 (solid lines) and η0 = 0.6 (dashed

lines) are calculated by Equation 6.20

.

with R = 0.1 m, λ = 1550 nm, α = 0.18 dB/km

andM0 = 1000. The dotted grid lines indicate the fiber length LX at which the precision

of N = 1 and N = 2 states are equal. The insert shows how LX changes with η0.

From Equation 6.20

.

and Figure 6.9

.

we conclude that the best precision is obtained
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with one-photon states. This optimum is achieved with a fiber length of LOpt(λ,N) =
2×104

α(λ) N log(10) which results in 49.6 km with λ = 1550 nm and N = 1. The fiber length

of commercially available gyroscopes is shorter than the calculated optimum. This is

intended either to reduce the volume and weight [66

.

] or to avoid additional phase noise

(e.g., Shupe effect and Magneto-optic Faraday effect [85

.

]), proportional to the fiber

length but not considered in our model. Shorter fibers increase the overall transmission

of the FOG, which in turn favors the use of NOON states. The precision of N and

(N − 1) photon states perform equally well at a fiber length of

LX(η0, N) =
104 log

(
η0

N
N−1

)
α(λ) log(10)

, (6.21)

with N ∈ {N | N ≥ 2}. For shorter fiber lengths, however, the N-photon state

is preferred. Thus, an improvement of the precision by using NOON states can be

achieved if the length of the fiber coil is shorter than LX(η0, N). This statement is

equivalent†

.

to Equation 6.19

.

with η = η0 ηSMF. Thus, if the transmissivity η0 is less

than 50%, LX becomes negative, which means that the N = 1 state is a better choice

regardless of the fiber length.

When deriving LX, the same wavelength was assumed for both states. In fact,

different wavelengths are ideal for different fiber lengths and given N -photon states.

An optimal wavelength can be calculated numerically using Equation 6.20

.

and a toy

model of the attenuation in a fused silica fiber [93

.

]

α(λ) = αRay(λ) + αIR(λ) (6.22)

αRay(λ) = 1.7

(
0.85× 10−6

λ

)4

αIR(λ) = 6× 10−11 e−
48×10−6

λ

with the attenuation coefficients αRay and αIR attributed to the Rayleigh scat-

tering and infrared absorption within the fiber, respectively. Figure 6.10

.

shows

the precision calculated with the optimized wavelength ∆ΩBias
E (L, 1, λOpt(L, 1)) and

∆ΩBias
E (L, 2, λOpt(L, 2)) as a function of the fiber length for both η0 = 1 (solid lines)

and η0 = 0.8 (dashed lines).

Figure 6.10

.

illustrates that wavelengths shorter than 1550 nm are advantageous for

precision if the fiber length is less than 49.6 km. The optimized wavelength for states

with N > 1 is shifted towards 1550 nm compared to states with N = 1 and the same

fiber length. This is due to a higher loss at shorter wavelengths in the fiber.

†
(

∆ΩBias
E (L,N−1)

∆ΩBias
E

(L,N)

)2

= N(η0 ηSMF(λ,L))N

(N−1)(η0 ηSMF(λ,L))N−1 = N
N−1

(η0 ηSMF(λ,L)) > 1
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Figure 6.10 Precision vs. fiber length L with optimized wavelength: The

precision ∆ΩBias
E (L,N = 1, λOpt(L,N = 1)) and ∆ΩBias

E (L,N = 2, λOpt(L,N = 2)) for

η0 = 1 (η0 = 0.8) are represented by solid lines (dashed lines). The wavelength λOpt is

indicated by the color of the lines. The precision is numerically calculated with R = 0.1

m, M0 = 1000 and an attenuation coefficient given in Equation 6.22

.

. The dotted grid

lines indicate the fiber length LX at which the precision of N = 1 and N = 2 states are

equal. The insert shows how LX changes with η0.

For L << LOpt and thus short optimal wavelengths, the attenuation coefficient can

be approximated by the contribution of Rayleigh scattering α̃(λ) ≃ αRay(λ). Since the

optimum wavelength in this range is λ̃Opt(L,N) ∝ 4
√
L N , the ratio of the precision

achieved with N and (N − 1) photon states given by

∆ΩBias
E (L,N − 1, λ̃Opt(L,N − 1))

∆ΩBias
E (L,N, λ̃Opt(L,N))

=

√
η0

√
N

N − 1
(6.23)

is independent of the fiber length. This equation represents the precision gain

achieved, in an optimized FOG with practical fiber length (L << LOpt), by using an

N -photon state versus an (N − 1)-state. If only the fiber loss of such a device is taken

into account (η0 = 1), Equation 6.23

.

shows that two-photon NOON states (N = 2)

perform 1.19 times better than the one-photon state. This improvement in precision

disappears as soon as

η0 <

√
1− 1

N
. (6.24)

Thus, the best precision of optimized FOGs with limited fiber length (L << LOpt)

is also achieved with one-photon (N = 1) states if the transmissivity η0 is less than
1√
2
= 0.7071.

83



Entanglement-Enhanced Optical Gyroscope

6.6 Conclusion

In this chapter, a fiber-optic gyroscope was presented which can be used with both

single photons and two-photon NOON states. We used this device to experimentally

demonstrate the effect of super resolution. The increased fringe oscillation frequency

of the coincidence count rate RN=2 with respect to the single photon count rate RN=1,

referred to as super-resolution, is illustrated in Figure 6.4

.

. The fringe period is reduced

by a factor of S2/(
1
2S1) = 1.995 ± (0.4 × 10−3). The deviation from the theoretically

expected value two is in the order of 10 standard deviation of the specified error (cal-

culated from fit parameters). This deviation may be due to systematic errors such as

variations of the scale factor S, e.g., due to changes of the enclosed area A⟲⟳. Nev-

ertheless, the inconsistency is rather small given the poor thermal and mechanical

stabilization of the fiber. However, the ratio is significantly greater than 1, by means

of 2487 standard deviations, which bears witness to super-resolution.

Furthermore we investigated the precision of measurements consisting of M ∼ 2000

detected photons. An equal number M for the tested states was experimentally

achieved by adjusting the integration time accordingly. Using path-entangled two-

photon sates, we observed a precision close to the bias point ∆Ωmin (see Table 6.3

.

) that

is somewhat worse than the theoretically predicted limit ∆ΩSNL/
√
2 = 0.0146 rad/s

mainly due to the background. Nevertheless, the measured precision of the two-photon

NOON state performs better than the one-photon state, and is better than ∆ΩSNL.

Such sub-SNL precision can never be achieved with coherent states of light.

At this point we should stress, however, that the presented technology is not yet

competitive with classical devices. Laser-driven FOG [84

.

] uses an optical power of

approx. 20µW, which corresponds to a rate of 156 × 1012 photons per second (at

λ = 1550 nm). In contrast, the detected photon rate of the NOON state is 100 × 103

in our experiment. This relatively low photon rate was limited by the detectors used,

whose efficiency decreases with increasing count rate.

In the last section of this chapter, we investigated the question of the extent to

which a source of path-entangled photons with comparable brightness could provide

a measurement advantage for FOGs. We discussed the vulnerability of the states

due to loss, in conjunction with the fiber length, wavelength, and scaling factor of

the gyroscope. Using a simple model for the loss mechanisms in an optical fiber and

considering shot noise of the count rate and the transmissivity of the remaining setup

η0, we found an optimal configuration for FOGs that favors the use of one-photon states

(L = 49.6 km, λ = 1550 nm and N = 1). In practice, however, such long fibers are
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avoided, as they have adverse effects (e.g., Shupe-effect and Magneto-optic Faraday

effect) on the precision, which are not taken into account in our models [85

.

]. Shorter

fibers also serve the purpose of reducing the volume and weight of the device [66

.

].

However, for fiber lengths L < 16 km we were able to derive a measurement advan-

tage based on NOON states. This improvement disappears if the transmissivity of the

gyroscope η0 (without fiber loss) is less than 1√
2
. Thus, the best precision of optimized

FOGs with limited fiber length is also achieved with one-photon states (N = 1) if

η0 < 0.7071.

Finally, we would like to point out that the power circulating in the interferom-

eter cannot be increased arbitrarily due to detrimental power-dependent effects such

as coherent back-scattering [84

.

] or nonlinear Kerr effects [85

.

]. The interplay of noise

sources and shot noise does not equate to a limitation of the number of photons used

for the measurement. For FOGs, the key question is to what extent different pho-

tonic states respond to individual noise sources in order to verify whether the trade-off

between these effects represents a net increase in precision. At the count rates we

used, quantization noise is the dominant source of error. Thus, the minimal achievable

phase resolution, which results from an interplay of all sources of noise cannot yet be

measured. With the speed of ongoing developments in advancing detector technology

and increasingly brighter photon sources such experiments may become feasible in the

foreseeable future.
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7 Two-Photon Interference and

Transmission in Presence of Atmospheric

Turbulence

7.1 Introduction

The distribution of entangled photons through turbulent atmosphere over terrestrial

long distances with high fidelity has been proven in several experiments [11

.

, 94

.

, 95

.

].

This pioneering work and the promise of an unconditional secure cryptographic key

provided by shared entanglement [8

.

] pushed research to first satellite experiments [96

.

].

All of these proof-of-concept studies are optical direct connections, i.e. sharing photons

directly between two parties. One way to create nodes in a quantum network is based

on entanglement swapping [97

.

, 98

.

], which is a protocol that entangles independent

photons via second-order interference.

So far, swapping has been demonstrated over a long distance between the Canary

Islands of La Palma and Tenerife, with one photon being sent after the swapping

protocol [99

.

]. For a future global quantum network, a technology is required that

allows the interference of two photons received from different directions. The challenge

is to superimpose both photons on a beam splitter within their coherence time and

ensure their indistinguishability. A technical solution to this issue can be expected in

the near future.

In order to gain initial insights into the quality of multi-photon interference in the

presence of turbulence, we conducted an experiment with a two-photon state traversing

a 1.2 km-long, intra-city, free-space link. The receiver module used offers the possibil-

ity of generating a relative delay between the photons. Thus, we were able to measure

a HOM dip of a collinearly transmitted photon pairs exposed to atmospheric turbu-

lence. This experiment is not only a first step towards quantum interference between

photons that have traversed independent atmospheric conditions, as required to per-

form the network-enabling entanglement swapping protocol with independent sources,

but may also provide valuable insights into the transmission of multi-photon states for

sensing and advancing quantum communication protocols with high-dimensional state

encoding.
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7.2 Methods

7.2.1 Optical Setup

Figure 7.1 Experimental setup: Orthogonal polarized photon pairs are generated

via SPDC (see Chapter 4

.

) in a laboratory at IQOQI. A non-polarizing beam splitter

(BS) — with otput modes a and b — within the Alice module creates a probabilistic

splitting of the pairs. Photons in mode b are guided to a transmitter telescope on the

roof of the institute and sent to Bob via a 1.2 km-long free-space link. The polarization

of the photons collected using a telephoto objective is analyzed in Bob’s measurement

module, while photons in mode a are measured locally within the Alice module. Bob’s

measurement modules featured an additional polarization-dependent delay that could be

inserted for HOM interference measurements.

The source generates horizontal and vertical polarized, but otherwise identical, sig-

nal and idler photons via SPDC in a degenerate collinear type II quasi-phase matching

configuration at a wavelength of λ = 810 nm (see Chapter 4

.

). For the following ex-

periments we used the same settings of the photon source as described in Section

4.3.1

.

. A polarization maintaining single-mode fiber collects the down-converted pho-

tons and guides them to the Alice module. The non-polarizing beam splitter within

this module generates an equal superposition of transmission (mode a) and reflection

(mode b) for each individual photon (see Equation 5.1

.

). Thus, the two-photon state⏐⏐ΨPMF
⟩
= |1H, 1V⟩ converts to

|Ψ⟩ = 1

2
|Ψa,a⟩+

1

2
e−iφ |Ψb,b⟩+

1√
2
|Ψa,b⟩ (7.1)
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with

|Ψa,a⟩ = â†a,Hâ
†
a,V |Vac⟩ (7.2a)

|Ψb,b⟩ = â†b,Hâ
†
b,V |Vac⟩ (7.2b)

|Ψa,b⟩ =
1√
2

(
â†a,Hâ

†
b,V + e−iφ â†b,Hâ

†
a,V,

)
|Vac⟩ (7.2c)

where φ describes a polarization dependent phase shift between path a and b, which

is accumulated over all optical elements in the respective paths. With a probability

of 1
2 , both photons end up in the same mode. Therefore, 25% of the photon pairs

can be detected in mode a as in mode b. The remaining 50% of the pairs lead to a

polarization-entangled state, with one photon in each mode.

The photons in mode a, are guided to a local polarization measurement while mode

b is optically connected to a transmitter telescope on the roof top via a 15-m-long single-

mode fiber (780-HP). The phase shift φ was set to π by means of a fiber polarization

controller, which was also used to match the polarization of Alice and Bob. Through the

telescope, the photons are sent via an optical free-space channel to the receiver (Bob).

The measurement modules of Alice and Bob each featured a polarization analyzer

consisting of a half-wave plate, and a polarizing beam splitter, each equipped with

avalanche photodiodes (Excelitas SPCM-800 see Section 3.1

.

) in each output mode

(APDa1, APDa2, APDb1, APDb2). Rotating the polarization of a photon in mode x,

by means of a half-wave plate is described by the creation operator relation

â†x,H
HWP−−−→ cos(2θx) â

†
x,H + sin(2θx) â

†
x,V (7.3a)

â†x,V
HWP−−−→ cos(2θx) â

†
x,V − sin(2θx) â

†
x,H, (7.3b)

(7.3c)

with θx denoting the angle between the horizontal polarization axes and the fast axes

of the HWP. Subsequently, horizontally (vertically) polarized photons are transmitted

(reflected) to mode 1 (2) of the PBS. Thus, the two-photon state in the output modes

of Bob’s detection module (b1, b2) is described by

|Ψb,b⟩
HWP & PBS−−−−−−−−→ cos(4θb) â

†
b,1â

†
b,2 |Vac⟩+

1

2
sin(4θb)

(
â†b,2â

†
b,2 − â†b,1â

†
b,1

)
|Vac⟩ (7.4)

Equation 7.4

.

only applies if the arriving photons differ only in their orthogonal

polarization. In such a scenario, a HWP angle of θb = π/8 results in a zero probability

of detecting one photon in each mode Pb1,b2(θb) = cos2(4θb). This effect results from

HOM interference in polarization modes, i.e. two photons from different polarization
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modes bunch into one mode. For the analysis of HOM interference, Bob’s measurement

module was equipped with the possibility of introducing an additional polarization-

dependent delay via birefringent crystals of variable length. Such a delay ∆τ reduces

the temporal overlap of the down-converted photons and thus their indistinguishably

[50

.

, 52

.

]. An explicit calculation for partially distinguishable photons (see Appendix A

.

Equation A.13

.

) yields a coincidence probability of

Pb1,b2(θb,∆τ) = cos2(4θb) +
1

2
sin2(4θb)

⎧⎨⎩|∆τ | /tcoh |∆τ | < tcoh

1 tcoh ≤ |∆τ | .
(7.5)

From Equation 7.5

.

we find a random splitting of the photon pair Pb1,b2(π/8,∆τ ≥
tcoh) = 1/2 for temporal delays larger than the coherence time of the individual photons

tcoh = 1.745±0.005 ps (see Section 4.3.3

.

). Measurements with a neutral HWP position

θb = 0 (HV basis) are unaffected by temporal delays Pb1,b2(0,∆τ) = 1, as long as the

coincidence window tcoi = 2ns is longer than the delay ∆τ .

During the experiment, the detection events at Alice and Bob were recorded rel-

ative to local 10 MHz GPS disciplined clocks and stored for post processing. Bob’s

measurement data was also streamed to Alice via an RF link where all combinations of

two-photon detection events were monitored on-the-fly, while compensating for relative

clock drifts [43

.

]. Due to the detector jitter (σt = 350 ps∗

.

), using a coincidence window

significantly smaller than tcoi = 2ns leads to coincidence loss during post-processing

(see Section 3.6

.

).

7.2.2 Free-Space Link

The experiment depicted in Figure 7.1

.

was conducted with a transmitter (Tx) located

at the Institute of Quantum Optics and Quantum Information†

.

(IQOQI) and a receiv-

ing telescope (Rx) at the University of Natural Resources and Applied Life Sciences‡

.

(BOKU) in Vienna.

The photons from SPDC arrive at the Tx-platform via a single-mode fiber (NA =

0.13 rad). The divergent beam from the fiber is colliemiated by a lens (fcol = 18.4mm)

and magnified (MTx = 11.2) by a refractor consisting of two lenses (f1 = 25mm,

f2 = 280mm, ∅2 = 70mm). Thus, the beam waist emitted by this telescope is ωTx =

22mm, with a negligible divergence of Θ = 0.012µrad (half angle). The photons from

the source (λ = 810 nm) are additionally overlapped with an beacon laser (λ ∼ 532 nm)

for pointing, acquisition, and tracking (PAT). Both wavelengths are sent to a receiver

telescope at BOKU via a 1.2 km-long optical free-space link.

∗Standard deviation of detected arrival time of one detector
†Boltzmanng. 3, 1090 Vienna, Austria ( 48°13’16.52”N, 16°21’23.27”E)
‡Augasse 2-6, 1090 Vienna, Austria (48°13’54.05”N, 16°21’29.78”E)
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Figure 7.2 Dome of the Tx-Telescope (left) and Rx-Telecope (right).

Right: A telephoto objective (Nikkor 400mm f/2.8) at BOKU collects SPDC photons

(λ = 810 nm) and light from an beacon laser (λ ∼ 532 nm) sent from IQOQI. The two

sent wavelengths are separated by a dichroic mirror, where the shorter wavelength is

transmitted and subsequently focused on a CMOS camera, while the quantum signal is

guided to Bob’s measurement module depicted in Figure 7.1

.

. Left: Image of the dome of

the Tx-telescope, taken with CMOS camera at BOKU. The experimentally determined

field of view of the single photon detectors (APDb1, APDb2) is framed in black.

The receiver telescope consists of a telephoto objective (Nikkor 400mm f/2.8, fNik =

400mm ∅Nik = 142mm) and an additional collimation lens (f = 25mm), resulting in

a refractor with a magnification of MRx = 16. Thus, the maximal diameter of the

collimated beam within the Rx module is ∅Rx = 9mm. The two sent wavelengths are

separated by a dichroic mirror, where the green light of the beacon laser is transmitted

and subsequently focused (fcam = 40mm) on a CMOS camera (pixel size 5.2µm), while

the photons from SPDC are guided to the detection module. The quantum signal is

focused (fAPD = 50mm) on APDs with an active area of ∅APD = 180µm placed in

each output mode of Bob’s measurement module.

In order to reduce background counts from the city, the Rx-telescope was designed

for a small field of view of the detectors FoV = ∅APD/fAPD/MRx = 255µrad (see

Figure 7.2

.

). In addition, a long pass filter and interference filters (Thorlabs FGL665

and Semrock LL01-810 see Figure 3.1

.

) are placed in front of each APD.

Besides being used for PAT, the camera also monitored the angle of arrival (AoA)

fluctuations caused by atmospheric turbulence [100

.

]. A series of short exposure time

images were taken in order to estimate the full width half maximum of the AoA vari-

ation. The central position of each captured point spread function was determined

by means of a Gaussian fit. The thus observed variation was in the order of 15.4µm

(FWHM) at the sensor, which corresponds to an AoA of 25µrad and an atmospheric
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Fried parameter of approximately λ/AoAFWHM ∼ 2 cm (∼ 3 cm) at a wavelength of

532 nm (810 nm). Such turbulences resemble those of a 144 km free-space connection

between the Canary Islands [11

.

] and represents a worst-case scenario in a satellite-to-

ground communication experiment. The angle of arrival fluctuations were significantly

smaller than the detector’s field of view.

7.2.3 Count Rate Normalization

Only a fraction of the photons generated via SPDC are recorded by time tag, i. e. some

are lost on the way from the source to the APDs or not registered by the detectors. A

common model for such a stochastic process is a beam splitter which reflects photons

into a virtual mode with a certain probability. Thus, only the photons remaining in the

original mode are available for data analysis. The expression ηx will be used to describe

the overall probability of transmission in mode x. Due to the atmospheric turbulence

in a free-space channel, the degree of transmission varies over time. Therefore, the

recorded count rates must be normalized with respect to the actual condition of the

link, in order to obtain a reasonable measurement result. Using the beam splitter

model, the expected count rates are given by

Rx(θx) =
ηx
2
f(θx, ηx)R (7.6a)

Ra1,a2(θa) =
ηa1ηa2

4
cos2(4θa)R (7.6b)

Rb1,b2(θb) =
ηb1ηb2

4
cos2(4θb)R (7.6c)

Ra1,b2(θa, θb) =
ηa1ηb2

4
cos2(2(θa − θb))R (7.6d)

Ra1,b1(θa, θb) =
ηa1ηb1

4
sin2(2(θa − θb))R (7.6e)

Ra2,b2(θa, θb) =
ηa2ηb2

4
sin2(2(θa − θb))R (7.6f)

Ra2,b1(θa, θb) =
ηa2ηb1

4
cos2(2(θa − θb))R, (7.6g)

where R is the pair production rate of the source, Rx is the background subtracted

rate of detection events, and Rx,y denotes the accidental corrected coincidence count

rate between detectors (x,y) ∈ {a1, a2, b1, b2}. The oscillation frequency with respect

to the HWP rotation θb of the two-photon state is doubled compared to single photons

sent. Such super-resolution in polarization is a common effect of the sent NOON

state |1bH, 1bV⟩ = 1/
√
2(|2bD, 0bA⟩ − |0bD, 2bA⟩). It is also worth mentioning that

if two photons hit the same detector at the same time (Rx,x), only one “click” is

generated by the detectors used. Therefore, a reduced number of time tags is recorded
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for measurements in the DA basis, which is taken into account by the function

f(θx, ηx) = 1− ηx
4

sin2(4θx). (7.7)

The total transmission of Alice’s channels was stable due to laboratory conditions

and could therefore be measured in advance.

ηa1 = 2
Ra1,a2(0)

Ra2(0)
= 0.169± 0.001 (7.8a)

ηa2 = 2
Ra1,a2(0)

Ra1(0)
= 0.161± 0.001 (7.8b)

Bob’s detection events are susceptible to background photons from city lights despite

extensive prevention measures. Therefore, the transmission in Bob’s channels was

calculated using accidental corrected coincidence events.

ηb1 =
2 Ra1,b1 f(θa, ηa1)

Ra1
+

2 Ra2,b1 f(θa, ηa2)

Ra2
(7.9a)

ηb2 =
2 Ra1,b2 f(θa, ηa1)

Ra1
+

2 Ra2,b2 f(θa, ηa2)

Ra2
, (7.9b)

With these values the normalized count rate of Bob’s local coincidences can be

calculated as

RN
b1,b2 =

4

ηb1ηb2R
Rb1,b2 (7.10)

with

R =
Ra1

ηa1 f(θa, ηa1)
+

Ra2

ηa2 f(θa, ηa2)
(7.11)

being the estimated photon pair production rate of the source.

7.2.4 Stochastic and Deterministic Loss

We have neglected a distinction between stochastic and deterministic loss in the above

calculations. The distinct impact of those loss mechanisms on quantum systems was

studied by Rauch and Summhammer using different absorbers in neutron interferome-

ters [101

.

]:

• Stochastic Loss:“An absorber is stochastic when the experimenter has no means,

not even in principle, to predict whether the neutron will be absorbed or not at

any given point in the absorber region at any given time.”

93



Two-Photon Interference and Transmission in Presence of Atmospheric Turbulence

• Deterministic Loss:“An absorber is deterministic when, in principle, it is

known with certainty what will happen at any point in the absorber region at

any time.”

Awaya et al. investigated this topic by means of single-photon interferometry with

slow and fast beam choppers [102

.

, 103

.

]. The beam splitter model used in the above

calculations only describes stochastic loss, whereas a chopper wheel produces deter-

ministic loss. In free-space channels, atmospheric turbulence causes loss due to beam

wandering at the receiving aperture [104

.

]. Thus, from the two-photon state sent to

Bob, either both or neither of the photons are lost, if the transmitted beam is deflected

out of the Rx-aperture. Such a scenario is comparable to a chopper wheel and is classed

under deterministic losses. The resulting variation in channel transmission cannot be

observed directly if the deflection is shorter than the integration time tI of the mea-

sured count rate. However, the signal is attenuated on average by the factor of tfaid/tI,

where tfaid is the time period within tI for which the aperture is missed by the signal.

This attenuation applies equally to single and multi-photon states and does not have

a square effect on two-photon states like the stochastic loss. Thus, we have to rewrite

Equation 7.6

.

to

Rbx(θb) =
ηdetη

′
bx

2
f(θb, ηdetη

′
bx)R (7.12a)

Rb1,b2(θb) =
ηdetη

′
b1η

′
b2

4
cos2(4θb)R (7.12b)

where ηdet = 1− tfaid/tI describes the deterministic transmission probability of the

free-space link and η′bx ∈ {η′b1, η′b2} denotes the stochastic transmission. The heralding

is not affected by deterministic loss. The transmission determined by Equation 7.9

.

does

not distinguish between these values and measure both (ηb1 = ηdetη
′
b1, ηb2 = ηdetη

′
b2).

This leads to an overestimation of the normalized count rate of Equation 7.10

.

. With

measurements in the HV basis, the extent of this overestimation can be determined,

since the deterministic loss can be calculated by

ηdet =
ηb1ηb2R

4Rb1,b2(0)
. (7.13)

7.3 Results

7.3.1 Setup Performance

A measurement with a neutral HWP position revealed a mean photon rate of Ra1(0) =

421 kcps (Ra2(0) = 402 kcps) at Alice’s detectors, including negligible dark counts (∼
100 cps). From these events an average of Ra1,a2(0) = 34.1 kcps accidental corrected
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coincidences were observed. A comparative measurement in the DA basis resulted

in a coincidence count rate of Ra1,a2(π/8) = 159 cps, subtracting 300 cps accidentals.

From these measurements we can conclude that the visibility of undisturbed HOM

interference was

Va =
Ra1,a2(0)−Ra1,a2(π/8)

Ra1,a2(0) +Ra1,a2(π/8)
= 99.1± 0.1% (7.14)

During night-time operation the background counts at the receiver were approxi-

mately RB
b1 ∼ 800 cps and RB

b1 ∼ 500 cps, including 250 cps and 70 cps intrinsic detector

dark counts. The background varied widely and was in the range of RB
b1 ∼ 21.5 kcps

and RB
b1 ∼ 18.5 kcps at sunrise (4 May 2016 05:30:00 GMT+2) on a horizontal link

facing south.

With measurement in progress, a mean count rate of Rb1(0) = 87 kcps (Rb2(0) =

103 kcps) was observed before astronomical dawn. Due to atmospheric turbulence, the

total transmission of Bob’s channels varied around mean values of ηb1 = 3.5% and

ηb2 = 4.3% (see Figure 7.3

.

). Assuming the two measurement modules have roughly

the same loss, we can estimate the link transmission to be 21% (including the fiber

link to the roof and Tx/Rx telescopes).
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Figure 7.3 Overall transmis-

sion of Bob’s channels vs.

time. ηb1 and ηb2 are plot-

ted in blue and black respectively.

The difference results from un-

equal detector efficiencies. The

right axis is scaled by the factor

2/(ηa1 + ηa2) in order to estimate

the 1.2 km free-space link trans-

mission. The plot shows a 10 s in-

terval of the θb = 0, ∆τ = 0 mea-

surement. The integration time

per data point of this diagram is

50ms.

A histogram of the transmission probability of two-photon states 4Rb1,b2(0)/R, as

measured with neutral HWP position, is shown in Figure 7.4

.

(blue). In comparison,

the quantity ηb1ηb2 determined from count rates in Equation 7.9

.

is plotted in gray.

The ratio of these quantities corresponds to the deterministic transmission probability

ηdet (see Equation 7.13

.

). However, no significant deviation can be detected from the

histograms. The long-term mean ηdet = 1.005 ± 0.002 indicates that the atmospheric

turbulence did not cause strong beam wandering. Thus, a possible overestimation of
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the normalized count rate RN
b1,b2 caused by fading of the beam can be excluded.

Figure 7.4 Transmission

probability of two-photon

states 4Rb1,b2(0)/R in blue and

the quantity ηb1ηb2 in gray. In the

case of strong beam wandering at

the free-space link, a deviation of

the two histograms should be visi-

ble (ηb1ηb2 < 4Rb1,b2(0)/R). The

integration time per measurement

was 50ms, and each histogram

consist of 7410 data points.
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7.3.2 HOM Interference

We performed five measurements in the DA basis, applying different relative delays ∆τ

to two-photon states exposed to a 1.2 km-long intra-city free-space link. The temporal

delay between the horizontally and vertically polarized photons — with a coherence

time of tcoh = 1.75 ps — was realized by means of birefringent crystals. For this purpose

we used a calcite plate with a thickness of 3mm and a 1mm-thick Nd:YVO4 plate, which

corresponds to propagation time delays between ordinary and extraordinary modes of

∆τcalc = 1.8 ps [105

.

] and ∆τyvo = 0.8 ps [58

.

], respectively. Thus, by turning the plates

by 90◦, two measurement settings per plate, corresponding to ±∆τ where observed.

The fifth measurement was carried out without temporal delay (∆τ = 0). In addition,

three measurements in the HV basis were performed for reference, providing count

rates unaffected by ∆τ . Each setting was recorded for ∼ 300 s, and the normalized

coincidence count rate RN
b1,b2 was calculated for each second of measurement time.

The resulting mean values are compared to a HOM dip measurement carried out in the

laboratory (see Section 4.3.3

.

) and are depicted in Figure 7.5

.

as summarized in Table

7.1

.

.

To guide the eye, the theoretically expected coincidence count rate ∝ Pb1,b2(
π
8 ,∆τ)

(see Equation 7.5

.

) is plotted in Figure 7.5

.

(red line). The measured count rates — with

an integration time of one second — agree with the prediction within the statistical

error of the single measurements (error bars in Figure 7.5

.

). The standard deviation of

the seven mean values is smaller by a factor of
√
300 ∼ 17 and thus does not overlap with

the prediction. Such systematic errors can be attributed to a polarization mismatch

among Alice, Bob, and the birefringent crystal. This error is indirectly covered by the

deviation of the one-second measurements, since the polarization alignment was carried
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Figure 7.5 HOM dip measured after exposing the two-photon state to a

1.2 km free-space link. Normalized coincidence count rate RN
b1,b2 measured with dif-

ferent relative delays ∆τ . The circles • (triangles ▲) indicate the mean values of the HV

(DA) basis measurements. The expected count rate due to the coincidence probability

Pb1,b2(θb,∆τ) (see Equation 7.5

.

) is plotted in red. The error bars indicate the sample

standard deviation of ∼ 300 measurements with 1 s integration time. The expected stan-

dard deviation of the sample mean, which is smaller than the plotted symbols, can be

found in Table 7.1

.

. The visibility of the HOM dip is Vb = 98.6± 0.7 %.

out based on them. However, the measurement without intentional delay (∆τ = 0)

reveals HOM interference of the photon pairs, exposed to the 1.2 km-long free-space

link, with a visibility of

Vb =
RN

b1,b2(0)−RN
b1,b2(π/8)

RN
b1,b2(0) +RN

b1,b2(π/8)
= 98.6± 0.7%. (7.15)

7.4 Conclusion

We developed a receiver module which was used in an urban area to receive single

photons sent via an optical free-space channel. By using various precautions to suppress

light pollution from the city, a background count rate of ∼ 500 cps was achieved during

nighttime. Shortly after sunrise (∼ 5min), however, the background count rate reached

a level that prevented further measurements.

In order to obtain a reasonable measurement result a coincidence-count rate nor-

malization was elaborated. Thus, we were able to distinguish variations of the count

rates due to different transmission probabilities caused by atmospheric turbulence from

a decrease of interference visibility. This normalization neglects the difference between
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∆τ [ps] R
N
b1,b2(0,∆τ) [%] R

N
b1,b2(

π
8 ,∆τ) [%] Pb1,b2(

π
8 ,∆τ) [%]

-1.8 98.56± 0.26 51.49± 0.14 50

-0.8 98.56± 0.17 25.85± 0.09 22.9

0 98.61± 0.18 00.71± 0.02 0

0.8 20.54± 0.08 22.9

1.8 50.73± 0.14 50

Table 7.1 Normalized coincidence count rates RN
b1,b2 as depicted in Fig-

ure 7.5

.

. The normalized count rate was recorded for ∼ 300 s for each setting. The

specified uncertainty is the standard deviation of the sample mean. The uncertainty

of measurements with an integration time of one second is
√
300 ∼ 17 times greater

than the specified error and, in this case, more representative for the deviation from the

coincidence probability Pb1,b2(0,∆τ) (see Equation 7.5

.

).

stochastic and deterministic loss. Thus, we have discussed the context of strong beam

wandering and deterministic loss. Furthermore, it was verified that the loss experienced

by the two-photon state was solely stochastic. To this end, we exploited the vulnerabil-

ity to losses of the transmitted two-photon NOON state and used it to investigate link

transmission in more detail. The absence of a deterministic loss despite the measured

strong atmospheric turbulence can be attributed to the distance between transmitter

and receiver. At longer distances, the phase front distortion leads to greater beam

wandering and thus to more loss due to fading. A comparable experiment involving a

larger free space transmission distance could reveal the impact of such loss.

Furthermore, we have demonstrated high visibility HOM interference of two pho-

tons both exposed to atmospheric turbulence. We found a HOM dip visibility of

Vb = 98.6 ± 0.7% after free-space transmission which is comparable to the visibil-

ity measured in a laboratory environment Va = 99.1 ± 0.1%. This demonstrates, the

unimpaired of second-order interference by a free-space channel with a Fried parameter

of approximately 3 cm (at λ = 810 nm). Such turbulence resembles those of a 144 km

free-space connection between the Canary Islands [11

.

, 106

.

] and is comparable to a

satellite-to-ground communication experiment.

We want to emphasize that this experiment was successful without spatial filtering

or adaptive optics at the receiver, since both photons traversed the same atmospheric

channel. Second-order interference in general and HOM interference in particular play

a major role in applications like quantum teleportation and entanglement swapping,

which are fundamental nodes of future quantum networks. In order to realize large-
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scale quantum networks, second-order interference of photon pairs, traversing different

free-space channels, is a technological challenge which has to be mastered. Although we

have not achieved this goal, the data presented underpins experimentally the feasibility

of such projects. Furthermore, our experimental results put a very high upper limit on

the visibility achievable with time-bin and hyperentangled states sent via a free-space

link. [17

.

].
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8 Summary and Outlook

The presented photon source has undergone a continuous improvement process during

all experiments and has proven its stability and constant performance. After the first

setbacks at the centrifuge, we minimized the components of the source and adapted the

adjustment process to such harsh conditions. In a second measurement campaign, the

stability of the optical setup was sufficient to verify the entanglement of the generated

photon pairs up to an acceleration of 30g. A temperature fluctuation of the crystal

could be identified as the main cause of visibility variations of the entanglement. Con-

sequently, the temperature control for the crystal was replaced, which not only resulted

in more stable visibility but also made a better temperature resolution experimentally

accessible. The impact of temperature on the indistinguishability of the down-converted

photons was verified experimentally and — together with further relevant parameters

— quantitatively described. These results concerning spontaneous parametric down-

conversion with a periodically poled potassium titanyl phosphate crystal in a degenerate

collinear type II quasi-phase-matching configuration, are useful as a rule of thumb in

the design phase of such and similar sources. It should be noted that an optical isolator

for the pump laser would probably be the most reasonable additional component, as

the visibility reacts very responsively to mode jumps of the pump-wave.

We incorporated this source in a rigid crate which was utilized as an autonomous

quantum laboratory. The two-photon state generated by the source can be used with

great versatility. Such a NOON state in polarization modes shows super-resolution

in polarization measurements. By means of a polarizing beamsplitter cube, this state

can be converted into a path-entangled two-photon state and deployed in conventional

interferometers. The random splitting at a beam splitter allows the generation of a

polarization-entangled state in post-selection. The entangled state produced this way

has pros and cons. In quantum key distribution applications, the bunching photon pairs

prove to be a disadvantage as they cause an increased “uncorrelated” photon count

rate and thus a higher quantum bit error rate. In the free-space experiment conducted,

however, we were able to use the coincidences of six different detector combinations in

order to measure the loss in a differentiated manner. Thus, deterministic loss by strong

beam wandering at the free-space link could be excluded.

This versatile tool was used in three different experiments:
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1) Entanglement in Accelerated Reference Frames

We verified the stable performance of our mobile quantum laboratory under sever

stress in a centrifuge and a drop tower experiment. Those experiments allowed us

to systematically test photonic quantum entanglement in accelerated reference frames.

The crossroads between quantum mechanics and relativity is a gray area in which

unexpected physical phenomena might potentially arise. We thus demonstrate to what

extent this gray area can be accessed with state-of-the-art quantum hardware.

With the intention of stimulating the exploration of theories beyond the current

paradigm that can be tested with such experiments, it should be mentioned that the

acceleration in the centrifuge used is not limited to 30 g, but could be increased up to

150 g. Active components such as piezo mirrors can be used to avoid a misalignment

of the setup. Using such techniques, interference measurements on the centrifuge are

also conceivable. Concerning the drop tower, experiments are possible at a facility

in Bremen, where a drop height of 100m (drop time 4.7 s) can be achieved. A glass

window in the drop capsule offers the possibility to retain an optical connection during

the free fall, thus measurements of the photons of a pair in different reference frames

would be possible.

2) Entanglement-Enhanced Optical Gyroscope

Inspired by the centrifuge, we constructed a quantum gyroscope. By integrating a

fiber coil, our crate was turned into a fiber optic gyroscope which was operated with

two-photon NOON states. With the super-resolution provided by such a photon state,

we were able to measure the absolute rotation of the setup with respect to the initial

space with sub shot-noise precision.

Furthermore, we discussed the photon losses in such a system and were able to

identify the prerequisites for a real measurement advantage with such sensors. For

fibre-optic gyroscopes, the key question is the extent to which different photonic states

respond to individual noise sources associated with higher count rates. With the speed

of ongoing developments in advancing detector technology and increasingly brighter

photon sources, experiments exploring a minimum achievable phase resolution resulting

from an interplay of several noise sources could become feasible in the foreseeable future.

3) Two-Photon Interference and Transmission despite Atmospheric Turbulence

We built a receiver module, suitable for optical free-space connections in urban ar-

eas. This receiver provides the possibility to impose a polarization-dependent time

delay on the received photons and can thus be used to verify polarization and hyper-

entanglement. We used this facility to demonstrate second-order interference of two
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photons, both of which were exposed to atmospheric turbulence. The visibility of the

Hong-Ou-Mandel-dip of the collinear transmitted photon pair was comparable to a

reference measurement in a laboratory environment.

With regard to future quantum networks, these results experimentally underline

the high visibility with which two-photon interference, time-bin, and hyper-entangled

are usable despite atmospheric influences. Second-order interference of photon pairs

traversing different free-space channels is a technological challenge which seems to be

the next decisive step towards a quantum repeater.

Finally, we would like to point out that the use of a beam splitter source for quan-

tum key distribution purposes in future applications should not be excluded from the

outset in the planning phase. The influence of the disadvantage of an increased acci-

dental count rate — between bunched photon pairs in Alice’s and Bob’s channels and

uncorrelated background photons — decreases with the use of detectors with better

temporal resolution and improved background suppression. In addition, the advan-

tages of a polarization NOON state sent along may not be underestimated. With this

the frame of reference of the spontaneous parametric down-conversion crystal is auto-

matically being transmitted, which is advantageous for the polarization comparison of

the link. Furthermore, knowledge about the total transmission can be derived from the

locally measured heralding efficiency.
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A HOM Interference Coincidence Count

Rate

A plane-wave pump field with an angular frequency of ωp generates a horizontally

polarized signal and vertically polarized idler photons in a ppKTP crystal of length

L = 1 cm. The biphoton-state after walk-off compensation (τ = LD
2 + ∆τ) emerging

from the PMF can be denoted by (see Equation 4.17

.

)

|⨿∆τ ⟩ = ζ

∫
dω h(ω, ωp − ω)e−iω(LD

2
+∆τ)â†H(ω)â

†
V(ωp − ω) |Vac⟩ . (A.1)

with

h(ω, ωp − ω) = e−i
L
2
∆k(ω,ωp−ω)sinc

(
L

2
∆k(ω, ωp − ω)

)
(A.2)

The parameter ∆τ results from either insufficient walk-off compensation or a de-

liberately introduced delay between signal and idler photons. For small deviations

from degenerate down-conversion (ω = ω0, ωp = 2ω0), the wave vector mismatch

∆k(ω, ωp − ω) can be approximated by (see Equation 4.26

.

)

∆k(ω, ωp − ω) ≈ D(ω0 − ω) +A(T, ωp)

A(T, ωp) = DT (T − T0) +Dωp(ωp − 2ω0) (A.3)

with T0 =37.15 °C, ω0 = c 2 π
λ0

and λ0 = 810 nm. The state analysis is performed

by means of a HWP, followed by a PBS with a single-photon detector in each output

mode.

Figure A.1 Arrangement of the

detection module. The HWP is ro-

tated by an angle β = π
8 , resulting in

photon bunching at the PBS. The pho-

tons are detected in both outputs of the

PBS by means of avalanche photodiodes

(APD).

The field operators in the transmitted and reflected output mode of the PBS are

denoted by
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HOM Interference Coincidence Count Rate

ÊT(t) = cos(2β) ÊH(x, t) + sin(2β) ÊV(x, t) (A.4)

ÊR(t) = cos(2β) ÊV(x, t)− sin(2β) ÊH(x, t) (A.5)

where β describes the rotation of the half-wave plate and

Êm(x, t) =
1√
2π

∫
e−iωm(t−x/c)âm(ωm) dωm (A.6)

denotes the positive frequency part of the electric field operator Êm(x, t)+ Ê†
m(x, t).

The two-photon correlation function in the output modes of the PBS can be calculated

via

G
(2)
HOM(t1, t2) = ⟨⨿∆τ | Ê†

T(t1)Ê
†
R(t2)ÊR(t2)ÊT(t1) |⨿∆τ ⟩ , (A.7)

where the right-hand part results in

ÊR(t2)ÊT(t1) |⨿∆τ ⟩

=
(
cos2(2β) ÊH(x, t1) ÊV(x, t2)− sin2(2β) ÊV(x, t1) ÊH(x, t2)

)
|⨿∆τ ⟩

=
ζ

2π

∫
e−iω(LD

2
+∆τ)

(
cos2(2β) e−iω(t1−x/c)e−i(ωp−ω)(t2−x/c)

− sin2(2β) e−iω(t2−x/c)e−i(ωp−ω)(t1−x/c)
)
h(ω, ωp − ω)dω |Vac⟩

=
ζ

2π

∫ (
cos2(2β) e−iω∆te−iωp(t2−x/c) − sin2(2β) eiω∆te−iωp(t1−x/c)

)
e−i (L/2 (A(T,ωp)+D(ω0−ω))+ω τ)sinc

(
L

2
(A(T, ωp) +D(ω0 − ω))

)
dω |Vac⟩

=
ζ

2π
e−i (L/2 (A(T,ωp)+Dω0)+ωp(t2−x/c))

∫ (
cos2(2β) e−iω∆t − sin2(2β) e−i∆t(ωp−ω)

)
e−i ∆τ ωsinc

(
L

2
(A(T, ωp) +D(ω0 − ω))

)
dω |Vac⟩

=
ζ

L |D|
e−i (L/2 (A(T,ωp)+Dω0)+ωp(t2−x/c))

(
cos2(2β) e−i(

A(T,ωp)

D
+ω0)(∆τ+∆t)Π

(
∆τ +∆t

L D

)
− sin2(2β) e−i(ωp∆t+(

A(T,ωp)

D
+ω0)(∆τ−∆t))Π

(
∆τ −∆t

L D

))
|Vac⟩

=
ζ

L |D|
e−i ((

A(T,ωp)

D
+ω0)(

L D
2

+∆τ)+ωp(t2−x/c))

(
cos2(2β) e−i(

A(T,ωp)

D
+ω0)∆tΠ

(
∆τ +∆t

L D

)
− sin2(2β) ei(

A(T,ωp)

D
+ω0−ωp)∆tΠ

(
∆τ −∆t

L D

))
|Vac⟩ (A.8)

In the above calculation, we used the commutation relation from Equation 2.55

.

and∫
sinc(C1 + C2 ω) e

−iωtdω =
π

|C2|
Π

(
− t

2C2

)
e
i
C1
C2

t
(A.9)
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with rectangular function

Π(X) =

⎧⎨⎩1 if − 1
2 < X < 1

2

0 otherwise.
(A.10)

Figure A.2 Rectangular function

Π(X) as defined in Equation A.10

.

.

With Equation A.8

.

the G
(2)
HOM-function results in

G
(2)
HOM(t1, t2)

∝ cos4(2β) Π

(
∆τ +∆t

L D

)
+ sin4(2β) Π

(
∆τ −∆t

L D

)
− cos2(2β) sin2(2β)(

e−i(2
A(T,ωp)

D
+2ω0−ωp)∆t + ei(2

A(T,ωp)

D
+2ω0−ωp)∆t

)
Π

(
∆τ +∆t

L D

)
Π

(
∆τ −∆t

L D

)
∝ cos4(2β) Π

(
∆τ +∆t

L D

)
+ sin4(2β) Π

(
∆τ −∆t

L D

)
− cos2(2β) sin2(2β)

2 cos

(
(2
A(T, ωp)

D
+ 2ω0 − ωp)∆t

)
Π

(
∆τ +∆t

L D

)
Π

(
∆τ −∆t

L D

)
(A.11)

The probability of detecting coincidence events is proportional to theG
(2)
HOM-function

integrated over the range of the detectors resolving time. For the detectors used the

resolving time is of the order of 1 ns and is therefore much larger than L D = 3.5 ps.

Consequently, we can extend the range of the integral to ±∞ in good approximation.

Pc ∝
∫ ∞

−∞

∫ ∞

−∞
dt1dt1G

(2)
HOM(t1, t2). (A.12)

In the case of ωp = 2ω0 and T = T0, the above integration yields the normalized

probability

Pc(∆τ, β)

= cos4(2β) + sin4(2β)− 2 cos2(2β) sin2(2β) Θ

(
L |D|
2

− |∆τ |
)

2

L |D|

(
L |D|
2

− |∆τ |
)

= 1− 1

2
sin2(4β)− 1

2
sin2(4β) Θ

(
L |D|
2

− |∆τ |
)(

1− 2 |∆τ |
L |D|

)
= 1− 1

2
sin2(4β)

(
1 + Θ

(
L |D|
2

− |∆τ |
)(

1− 2 |∆τ |
L |D|

))
(A.13)
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with Heaviside step function

Θ(X) =

⎧⎨⎩1 if 0 < X

0 otherwise.
(A.14)

Figure A.3 Heaviside step function

Θ(X) as defined in Equation A.14

.

.

In the more general case, the integral of Equation A.12

.

results in

Pc(∆τ, β, T, ωp)

= 1− 1

2
sin2(4β)

⎛⎝1 + Θ

(
L |D|
2

− |∆τ |
)

2

L |D|

sin
(
(2

A(T,ωp)
D + 2ω0 − ωp)(

L|D|
2 − |∆τ |)

)
2
A(T,ωp)

D + 2ω0 − ωp

⎞⎠
= 1− 1

2
sin2(4β)

(
1 + Θ

(
L |D|
2

− |∆τ |
)(

1− 2 |∆τ |
L |D|

)
f(∆τ,∆T,∆ωp)

)
(A.15)

f(∆τ,∆T,∆ωp) = sinc

(
(2
A(T, ωp)

D
−∆ωp)(

L |D|
2

− |∆τ |)
)

= sinc

(
(
2DT

D
∆T +

2Dωp −D

D
∆ωp)(

L |D|
2

− |∆τ |)
)

(A.16)

VHOM(β,∆T,∆ωp) =
Pc(∞, β, T, ωp)− Pc(0, β, T, ωp)

Pc(∞, β, T, ωp)

=
1
2 sin

2(4β)

1− 1
2 sin

2(4β)
f(0,∆T,∆ωp)

=
1
2 sin2(4β)

1− 1
2 sin

2(4β)
sinc

(
DT L ∆T + (Dωp −

D

2
) L ∆ωp

)
(A.17)
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Figure A.4 Pc(∆τ, π/8, T, 2ω0) vs. ∆τ @ different temperatures T .

Figure A.5 Pc(∆τ, π/8, T, 2ω0) vs. temperatures T @ different time delays ∆τ .
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Figure A.6 VHOM(π/8, 0, c2π
λ0+∆λ − 2ω0) vs. pump wavelength offset ∆λ
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E
instein’s relativity theory and quantum theory are two
pillars of modern physics that have each been shown to
work well in their respective regimes. All currently observed

physical effects fall well within one regime or the other, and can
be described by the respective theory to very high precision.
Without the scientific insights from these two theories, a modern
information society would not be imaginable, taking the global
positioning system or semiconductor technology as two promi-
nent examples.

The unification of Einstein’s theory of relativity and quantum
mechanics is a long-standing problem in contemporary physics.
As long as these descriptions of nature remain confined to their
own scope of application, they cannot contribute to a unified
theory that captures physics at the boundary between these
specialized regimes. In natural science, where theory becomes
uncertain, new experimental data are needed. It is not unusual for
the first steps into an uncharted experimental regime to yield
unexpected results, as occurred in the historical black-body
radiation1 and Michelson–Morley2 experiments.

One phenomenon whose limits have not been fully tested in all
regimes is quantum entanglement of spatially separated quantum
systems. Entanglement can spread quantum superpositions over
macroscopic distances and has been experimentally found to exist
over distances as large as 144 km (ref. 3). The non-local character
of these superpositions then seems in conflict with the local
nature of relativity. This raises the question of whether
entanglement persists, when we consider non-inertial reference
frames, such as those experienced by accelerated systems or

systems in gravitational fields, as the space-time metric can vary
with position in these cases. It is likely that the resolution of such
questions will be a key piece in the puzzle leading to a full theory
of quantum gravity. Hence, quantum entangled systems subjected
to high- and low-accelerations is one regime, where new physical
phenomena might potentially arise. It is known that experimental
investigations involving simulated hyper- or milligravity can
cause unexpected changes to physical phenomena4. Exposing
physical systems to such extreme conditions can aid in the
understanding of that system, and lead to a deeper understanding
of the physical processes themselves.

It has been suggested that motion and gravity can both have
observable effects on quantum entanglement5–8. However,
experimental tests of quantum phenomena in these regimes is
still sparse9. To date, first experiments have been performed
using only single quanta, e.g., in the pioneering work
of Colella et al.10,11. Apart from this, there has been no
systematic experimental investigation of the effect of non-
inertial motion or gravity on quantum entanglement.

Just recently a remarkable one-shot experiment was carried out
where a correlated photon source was exposed to ultra high
acceleration during an explosion (when the rocket exploded
during the launch phase of the mission), but not during it’s
operation12. In a subsequent launch this project ultimately
succeeded in placing a correlated photon state on a cubesat into
space13. Those Experiments demonstrate very high stability of
optical alignment under harsh mechanical and thermal
conditions but do not directly relate to properties of
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entanglement under these conditions. However, with the onset of
new technology, techniques now exist to transgress experimental
barriers and begin to test quantum physics in non-inertial
systems.

Following these lines we report on a series of experiments that
test quantum theory in non-inertial reference frames by exposing
a provably quantum state14 of polarization-entangled photon
pairs to various uniform accelerations. The acceleration is
imposed by its motion, in free-fall, as well as on a centrifuge.
In a first series of experiments, we dropped a crate containing an
entangled photon source and two single-photon polarization
detection units from 12 m in a drop tower to realize a milli-g
environment, where we reached 30 mg. In the second series of
experiment, the crate was mounted on an arm of a rotational
centrifuge and accelerated to, as high as 30 g at a maximum
angular speed of 9.9 rad s� 1.

Our results show that quantum entanglement is unaffected by
non-inertial motion to within the resolution of our test-system.
This represents the first experimental effort exposing a genuine
quantum system to milli-g and hyper-g and extends the
experimental regime in which quantum effects can be said to
exist in harmony with relativity. Future experiments could be
designed to investigate if the entangled state is transformed when
the system undergoes non-uniform acceleration or much higher
accelerations or massive gravitational fields.

Results
Entangled photon system. We developed an ultra-stable entan-
gled photon system, comprising a source of polarization-entan-
gled photons and detection setup. The optical setup and the
electronic control equipment were mounted in a rigid three-level
crate (Fig. 1a), which could withstand the high g-forces during
the deceleration and acceleration phases in our intended drop-
tower and centrifuge experiments. The integrated crate design
also facilitated flexible plug-and-play installation at the drop-
tower and centrifuge support structures.

The entangled photon source (Fig. 1) is based on spontaneous
parametric down conversion (SPDC) in a degenerate collinear
type-II quasi-phase matching configuration and postselection on

a beam splitter (BS)15. A continuous-wave pump laser at 405 nm
is focused loosely into a periodically poled potassium titanyl
phosphate (ppKTP) crystal and creates pairs of signal and
idler photons with horizontal (H) and vertical (V) polarization,
respectively. The temperature of the nonlinear crystal is stabilized
at 39.6 �C±0.1 �C for wavelength-degenerate quasi-phase
matching at 810 nm. To monitor possible misalignment of the
beam paths during acceleration, a fraction of the pump beam was
imaged onto a CMOS camera that was placed behind one of the
dichroic mirrors. The photon pairs were separated from the
pump light using two dichoric mirrors and an interference filter,
and coupled into a sole polarization maintaining single-mode
optical fibre (PMSMF). The polarization axis of the PMSMF was
carefully aligned to coincide with the optical axes of the nonlinear
crystal. The length of the PMSMF and an additional neodymium-
doped yttrium orthovanadate (Nd:YVO4) crystal were chosen,
such that the average longitudinal walk-off between the signal and
idler photons due to the birefringence of the ppKTP crystal, was
compensated. This ensures, that no information about the
polarization of a photon can be obtained from the timing of
the SPDC photons. The PMSMF also had the benefit of ensuring
polarization stability even at high accelerations during an
experimental run. The PMSMF guides the photon pairs to a
non-polarizing BS, which creates an equal superposition of
reflection (mode 1) and transmission (mode 2). When post-
selecting events where one photon is detected in each of these two
modes, one thus obtains the maximally polarization-entangled state:

Cj i¼1=
ffiffiffi
2
p

H1V2j i þ e� if V1H2j i
� �

ð1Þ

where H (V) denote the horizontal (vertical) polarization states
relative to the baseplate of the source. Note that the orientation of
the baseplate changes relative to the laboratory frame during the
experiment (Fig. 2b).

A combination of a quarter-, half- and quarter-wave plate is
used to compensate polarization dependent phase shifts caused
by the reflection at the BS and allows setting the phase f. For the
presented experiments the quarter-wave plate was set such that
f¼ p resulting in the rotationally invariant two-photon state
C�j i¼ 1=

ffiffiffi
2
p

H1V2j i � V1H2j ið Þ. An additional motorized half-
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wave plate followed by a polarizing beam splitter (PBS) is inserted
in each output mode of the BS to analyse the polarization of the
photons in any desired linear polarization measurement basis.
Finally, the photons were detected using four passively quenched
semiconductor avalanche photo diodes placed in every output
mode of the two PBS. Coloured glass filters and additional
interference filters were placed in front of the detectors in order to
minimize background counts from the remaining pump photons
and stray background light. The electronic detector signals are
recorded by a time-tagging module, allowing to post-select
simultaneous detection events in the two output modes of the
50/50 BS.

A lower bound on the Bell-state fidelity of the experimental
state was established using the fidelity witness:

FC� r̂exp

� �
¼ C�h jr̂exp C�j i � FM

C� r̂exp

� �
¼ 1

2
VHVþVDAð Þ

ð2Þ
where VHV and VDA denote the visibilities of the two-photon
correlation function measured in the horizontal/vertical (diag-
onal/anti-diagonal) basis16. The two-photon polarization-
correlation functions were evaluated as:

V¼N13þN24�N14�N23

N13þN24þN14þN23
ð3Þ

where N is the number of coincidence detection events between
detectors 1 and 2 for each measurement setting (HV, DA). For a
pump power of B5 mW. The setup provides 280 kcps detected
single counts in total and 7 kcps coincident counts, yielding a
visibility of VHV¼ 97% in HV basis and VDA¼ 96% in the DA
basis. Note that the visibility in the DA basis is lower, as it is
affected by drifts in the alignment of polarization measurement
bases, imperfect phase compensation, as well as the partial
distinguishably of the two photons (for example, due to
deviations from the wavelength-degenerate phase matching
temperature).

The drop tower experiment. A drop from a height of 12 m
provided us with an integration time of 1.4 s for the milli-g
experiment (Fig. 2). Electrical power was provided by a battery
built into the crate, and kept the source and detectors operational
for about 1.5 h. A wireless network antenna provided data-con-
nection to the crate, and was used to control the experiment.
Guide rails kept the crate on track during flight and impact. Air
resistance and the guide rails resulted in drag on the crate, which
reached a maximum velocity of 55 km per h, enabling us to
measure g-values, as low as 30±3 mg after the electronic-
mechanical locking mechanism was opened. To cushion the
impact of the crate source, we placed a high-stack of foam mat-
tresses at the base of the drop tower. This reduced deceleration
enough to avoid permanent damage but still caused a saturation
of our g-sensor at 16 g.

We observed no lasting degradation in count rates or source
visibility after impact on the mattresses, and could repeat the
experiment many times without the need for re-alignment
between measurement runs. In each successive experimental
run we measured the visibility either in the HV- or in the
DA- measurement basis, as shown in Fig. 3. Each successive
experimental run resulted in E400,000 single-photon detecion
events in total, which were stored as time-tags on the local
computer for later evaluation. During the free-fall phase the
visibility never dropped below VDA¼ 96%±2%.

The centrifuge experiment. For the strong acceleration regime,
we used a centrifuge that rotates the crate around a fixed vertical

axis, thus resulting in an outward oriented force perpendicular
to the axis of rotation (Fig. 2b). The centrifuge consists of two
3-m-long arms with articulated platforms at either end (Fig. 2b).
The platforms swing outwards at increasing angular velocities of
the centrifuge. The crate was mounted in one of the two gondolas
with a 37 kg counterweight on the other side. Electrical power and
data-connection to the crate were provided by means of a sliding
contact at the axis of the centrifuge to the control room.

The acceleration was varied from 1 g to up to 30 g in B5 g
steps by increasing the angular velocity of the centrifuge. Despite
the strong acceleration the optical setup remained stable
throughout the experiment. The pump beam shifted by up to
two pixels on the CCD camera, which corresponds to an angular
deviation of B38 arcsec. This is well within the alignment
tolerances of the PMSM-fibre coupling lens system and no drop
in the count rates was observed. For each g value (set by the
angular speed of the centrifuge) we evaluated the visibility in the
complementary HV and DA measurement basis for several
minutes (Fig. 4). Note that a small reduction of the DA visibility
stems from the fact that the temperature of the crystal was not
stable at high accelerations. This was due to high-wind speed of
about 174 km per h, which effectively cooled the system as
indicated by the temperature sensor of the oven. The resulting
deviation from the degenerate phase matching temperature
introduced distinguishability of the emitted photon pair, and
reduced the visibility in the DA basis accordingly.

Discussion
We have conducted experiments with g-values corresponding to
milli-g (drop tower) and hyper-g (centrifuge) settings. We used a
genuine quantum mechanical system to evaluate whether the
amount of entanglement is affected by non-inertial motion in
accelerated reference frames. We implemented an entangled
photon source together with a detection system and the required
electronics in an autonomous source crate. We contiguously
measured a witness, which imposes a bound on the minimum
Bell-state fidelity, from the visibility of polarization correlations in
two mutually unbiased basis (HV and DA).

Figure 5 summarizes the g-value versus the entanglement
fidelity measured for experiments in the falling tower and the
centrifuge. A Bell-state fidelity 496% was observed for all
acceleration levels. Each data point was calculated using 410,000
coincidence counts leading to an 3s error bar of 0.25%. The
measured fidelity is limited by numerous sources of systematic
errors such as accidental coincidence counts17, and birefringence-
induced transformations of the entangled photon state,
temperature-dependent spectral characteristics of the SPDC
process18.

Our experiment can rule out any hypothetical variation of
entanglement to within the precision of the current measurement
apparatus. The resolution in our experiment was limited by the
short experimental integration time, as well as residual drifts of
the crystal temperature and alignment of the source. Note,
however, that these were mainly due to wind speeds, and not
correlated with the acceleration itself. The error bars shown in the
graphs are calculated considering Poissonian statistics, as well as
systematical errors. Due to temperature fluctuations of the
nonlinear crystal (±0.1 �C) and gusts of cold air in the centrifuge,
an additional error of ±0.6% was observed in the DA-visibility.
This corresponds to an uncertainty of ±0.3% in the Fidelity, in
addition to statistical errors. The total error is well within the
average fidelity taking all acquired data into account.

Note that the sources of systematic errors could be reduced by
automated opto-mechanical re-alignment and better temperature
stabilization.
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In conclusion, we have used the techniques originally
developed for quantum optics high-precision experiments, to
search for first experimental indications of unexpected effects in
quantum systems caused by acceleration. Using the entangled
system in the milli-g and hyper-g experiments described above,
we found no correlation between the phase of the entangled state
or its degree of entanglement with the acceleration of its non-
inertial reference frame. These experiments therefore rule out any
influence on the polarization-entangled two-photon quantum
state that could hypothetically cause a reduction in fidelity of
41.08%.

Our study tested photonic quantum entanglement in the case
of flat space-time, where the system undergoes uniform
acceleration. Within this experiment we have shown that
quantum entanglement should persist in a variety of accelerated
frames. Apart from the inherent novelty of testing entanglement
under different accelerated conditions, the results of the
experiment can also be extrapolated to analogous hypothetical
experiments under different gravitational fields. If, for example,
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the equivalence principle holds, then a local test of entanglement
should not reveal the difference between uniform acceleration
and a gravitational field19. We thus hope that the experimental
work reported in this manuscript will help in the future to shed
light on quantum mechanics in non-inertial frames, ultimately
including gravity.

Note that similar conditions would also accompany a rocket
launch into space and are thus also relevant to subsequent
quantum optics experiments carried out in space. We have shown
that a full quantum optics experiment involving entangled
photons was not only capable to withstand such severe stress,
but also remained fully functional in severe operating conditions.
Our experiment thus demonstrates the extent to which state-of-
the-art quantum hardware can be exposed to such harsh
operational environment, with the intention of stimulating
research on theories beyond the current paradigm which can be
tested with the kind of experiments presented here.

Our experimental platform represents a testbed that can readily
be upgraded for measurements with higher precision, by
using a ultra-bright source of entangled photons20, and higher-
dimensional degrees of freedom, such as energy-time
entanglement21. We also envisage bringing such a system very
close to zero-g conditions for several tens of seconds and reaching
hyper-g up to 150 g for many hours or even day’s of operation.
An interesting direction for future Earth and space-based
experiments is to consider photonic states undergoing non-
uniform acceleration, as theoretical studies predict that changes
in acceleration and changes in the gravitational field strength
produce observable effects on entanglement5–8.

Data availability. The data sets generated and analysed during
the current study are available from the corresponding author on
reasonable request.
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Abstract
Fiber optic gyroscopes (FOG) based on the Sagnac effect are a valuable tool in sensing and navigation
and enable accuratemeasurements in applications ranging from spacecraft and aircraft to self-driving
vehicles such as autonomous cars. Aswith any classical optical sensors, the ultimate performance of
these devices is bounded by the shot-noise limit (SNL). Quantum-enhanced interferometry allows us
to overcome this limit using non-classical states of light. Here, we report on an entangled-photon
gyroscope that uses path-entangledNOON-states (N=2) to provide super-resolution and phase
sensitivity beyond the shot-noise limit.

1. Introduction

Among themany applications of optical interferometry, optical gyroscopes based on the Sagnac effect are an
invaluable tool in sensing and navigation. First observed byGeorges Sagnac in 1913 [1, 2]—in an attempt to
observe the ‘relative circularmotion of the luminiferous ether within the closed optical path’ [3, 4]—the Sagnac
effect refers to the relative phasefS(Ω) experienced by counter-propagating light waves in a rotating
interferometer. To this day, this experiment, together with that ofMichelson andMorley [5], is considered one
of the fundamental experimental tests of the theory of relativity [6].While the relativistic correction of the effect
is still under discussion [7–10], amass product has evolved from its application [11]. The effect allows us to
determine the absolute rotationΩwith respect to inertial space [7] and has since found application in navigation
systems for spacecraft [12] and aircraft [13] as well as self-driving vehicles such as autonomous cars [11].

Theprecisionof anoptical gyroscope is determinedby thephase response∂f/∂Ω aswell as theminimumphase
resolutionΔf. Thephase responseor Sagnac scale factor ST, is proportional to the area enclosedby the counter
propagatingwaves and inverse proportionality to thewavelengthλof the interferingwave. In commercialfiber optic
gyroscopes (FOG), thephase response is amplifiedby increasing the effective area enclosedby theoptical paths by
using anopticalfiber-coil. Another strategy to improve theprecision is touse shorterwavelengths. Therefore, the
Sagnac effectwas examinedwith x-rays [14] aswell aswithde-Brogliewaves such as electrons [15], neutrons [16], and
atoms [17–19]. The generation andguiding of suchwaves, however, is rather difficult in comparison tooptical
electromagneticwaves, and the area enclosedby such gyroscopes is rather small compared to the FOG.

Theminimumphase resolution of a FOG is limited by various sources of noise. Themost fundamental
reason for limited precision is the so-called shot noise, which is caused by the quantization of the
electromagnetic field itself. For coherent states, the number of photons detected in a time interval τ follows a
Poissonian distribution and thus varies—without phase change—with M (i.e. the standard deviation) around
the average number of detected photonsM. Therefore, the shot-noise limit (SNL) f fD = < DM1SNL
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constitutes a fundamental boundary for the phase resolution achievable wit coherent or thermal states.While
the phase resolution can obviously be enhanced by increasing the average photon rate, arbitrarily accurate
measurements are prevented by additional phase noise resulting fromdetrimental effects like nonlinear Kerr
effects or coherent back-scattering induced at high power levels [20, 21]. Consequently, a trade-off between
these additional noise sources and the SNLhas to bemade tofind the optimal operating point in any
practical FOG.

Quantummetrology provides a route to improve the precision ofmeasurement to levels whichwould be
impossible with classical resources alone [22]. Quantum interferometry thereby pursues the approach of using
non-classical states of light in order tomeasure optical phaseswith a higher precision per photon. The canonical
example of such states are path-entangledNOON-states, for which the resultingmeasurement advantage is
based on the collective behavior ofN>1 photons. That is, allN photons are in an equal superposition of being
in either one of the twomodes of an interferometer, resulting in a shortened de-Broglie wavelengthλ/N, where
λ denotes the physical wavelength of the individual photons [23]. This leads to an increase of the interferometric
fringe pattern frequency by a factor ofN (super-resolution)without changing the physical wavelength of the
photons, allowing the latter to be chosen for optimized transmission through optical single-mode-fibers (SMF).

Only considering quantization-noise, the phase uncertainty resulting from an average of νN=M/N
consecutively detectedNOON-states (i.e.M photons are detected in total) is given by fD = NM1NOON .

This entanglement-enhanced phase precision is smaller by a factor N1 than the SNL fD = M1SNL . In
particular, usingNOON-states the relative phase imparted on the interferometricmodes can be determined
with the same precision as if consecutive single photonswithN-fold energy (N times shorter wavelength), orN
timesmore photonswere detected. Note that the fundamental limit in quantummechanics is theHeisenberg
limitΔfHL=1/M, which retains its validity for arbitrary photon states.

Quantummetrology usually assumes a restricted amount of photons available for themeasurement (at the
input of the interferometer). In such a scenario, the vulnerability to loss of the photonic states is of crucial
importance and certain transmission thresholds required for actual sensor improvement can be calculated
[24–28]. This assumption is generally not true forfiber optic gyroscopes, as the interplay of the noise sources
does not equate to a limitation of the number of photons used for themeasurement. For FOGs, the key question
is the extent towhich different photonic states respond to individual noise sources to verify that the trade-off
between these effects represents a net increase in precision.

At the count rates we use, quantization-noise is the dominant source of error. Thus theminimal achievable
phase resolution, which results from an interplay of all sources of noise cannot yet bemeasured. However, it is
possible to verify experimentally the sub-SNL or entanglement-enhanced phase sensitivity of FOGusing
NOON-states at achievable count rates.

While the applicability of these non-classical states inmetrology has already beenwidely demonstrated in
other interferometric settings [29–33], themeasurement advantage, or quantum enhancement, has not yet been
used tomeasure a phase shift imparted by accelerated or rotationalmotion. In this work, we demonstrate an
entanglement-enhanced phase sensitivity in afiber optic gyroscope [34]. The gyroscope is based on a compact
source of entangled photon pairs that wasmounted together with afiber coil on a rotating platform (see
figure 1(a)).We investigated the interference signal of the counter-propagatingmodes in the FOGat different
rotational speeds and use the canonical example of a two-photonN00N state (N=2) to provide phase
sensitivity beyond the SNL.Ourwork nowdemonstrates the experimental accessibility of entangled photon
states in Sagnac interferometry and thus represents an important step towards reaching quantum-enhanced
sensitivity of FOG.

2.Methods

A rigid three-level crate containing the optical setup and battery-powered electronic control equipment was
mounted on amodified cementmixer (see figure 1(a)). A remotely controlled computer on boardwas used to
store all relevant data and to control the experiment. By controlling themotor bymeans of a variable-frequency
drive, wewere able to adjust the rotational speed of the Sagnac interferometer. An additional commercial
gyroscope (Dytran, VibraScout 6D, 5346A2)wasmounted at the cementmixer to log the rotational velocity.

2.1. Photon source
The optical setup (see figure 1(b)) generates, detects, and analyzes photon pairs and has proven its stability in
previous experiments [35]. A continuous-wave laser at 405 nm is focused into a periodically poled Potassium
Titanyl Phosphate (ppKTP) crystal. The photons from the pump laser are convertedwithin the crystal via
spontaneous parametric down conversion (SPDC) into pairs of signal and idler photonswith horizontal (H) and
vertical (V) polarization, respectively. In order to guarantee wavelength-degenerate quasi-phasematching at
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810 nm, the temperature of the crystal is stabilized at   37.375 C 0.01 C. Thewavelength-dependent splitting
is realizedwith two dichroicmirrors.While the signal and idler photons are coupled into one polarization
maintaining single-mode optical fiber (PMF). The birefringence of the ppKTP crystal leads to a longitudinal
walk-off between the down converted photons. In order to create aNOON-State with two indistinguishable
photons, one has to compensate this polarization dependent time delaywith further birefringent components of
the right length. For this purpose, we have used an additional neodymium-doped yttriumorthovanadate (Nd:
YVO4) crystal, considering the birefringence of the PMF. This source produces ameasured photon rate of

950 kcps at 810 nm with a pumppower of 27.5 mW. Because of photon losses within the system, only a fraction
of the photons leaves the PMF as a pair.Wemeasure a photon pair rate of 191 kcps. Both rates aremeasuredwith
a photon detection efficiency ofPSiAPD=0.64 (data sheet of themanufacturer).

2.2. Interferometer
Ahalf-wave plate (HWP) at 22.5° transforms the two-photon state Y ñ = ñ∣ ∣1 , 1PMF

H V at the output of the PMF

to aNOON state in polarizationmodes ñ - ñ(∣ ∣ )1 2 2 , 0 0 , 2H V H V , where both photons are either horizontal
or vertical polarized.

Additionally, for providing referencemeasurements with consecutive single photons, the one-photon state
ñ∣1 , 0H V could be generated by inserting a horizontally oriented polarizer directly after the PMF. After the

transmission through aHWP, the single photon is anti-diagonal polarized and its state can bewritten as a
superposition ofH andVpolarization ñ = ñ - ñ∣ (∣ ∣ )0 , 1 1 2 1 , 0 0 , 1D A H V H V .

The polarizing beamsplitter (PBS) of the Sagnac interferometer (seefigure 1(b)) converts the polarization
modes to spatialmodes, which are both coupled to the different ends of a coiledfiber loop. Transmitted photons
thus propagate in a clockwise () and reflected in a counterclockwise ( ) direction through the fiber. The
resultingN-photon state in the Sagnac interferometer is given by

ñ - ñ   (∣ ∣ ) ( )N N
1

2
, 0 0 , , 1

withN being either 1 or 2 in case of ameasurement with orwithout the polarizer, respectively. After traversing
thefiber loop, the photons impinge on the PBS a second time, fromwhere they are guided to output port-d. The
polarization changes in the fiber-coil where compensate by an additionalHWPand an in-fiber-polarization-
controller (seefigure 1(b)).

Figure 1.Experimental arrangement (a): a rigid three-level crate containing a photon source, a fiber based Sagnac interferometer and
electronic equipmentwasmounted on amodified cementmixer. The optical fiber coil was passively stabilized against temperature
drifts with a cardboard box and bubblewrap.Optical setup (b): light from the laser diode (405 nm)produces signal and idler photons
at a wavelength ofλ=810 nmvia spontaneous parametric down conversion (SPDC). A polarizing beamsplitter with ports a,b,c and
d converts the polarizationmodes to spatialmodes, which are coupled to the different ends of a singlemodefiber (SMF) coil. The
photons in port-d aremeasured in theDA-basis. Two silicon-avalanche photo diodes (SiAPD) generate electrical pulses which are
recorded in timewith a time taggingmodule (TTM).

3

New J. Phys. 21 (2019) 053010 MFink et al



2.3. Sagnac-phase
The rotationwith an angular velocityΩ leads to a phase differencefS(Ω) between counter propagatingwaves,
called the Sagnac-phase. TypicallyfS(Ω) is considered as a consequence of a kinematic effect of the special theory
of relativity which ensues from the relativistic law of velocity composition [7, 36]. The difference in arrival time
Δt at the PBS, between clockwise and counterclockwise propagating waves, reads:

D W =
W

- W
( ) ( )t

L r

c r c

2

1
, 2

2 2 2 2

where c denotes the speed of light, ~r 7.8 cm is the radius of the fiber coil, and ~L 270.5 m is the length of the
fiber. Ignoring relativistic corrections due to the slow rotational velocity in our experiment, the Sagnac phase
[10] is given by

f
p
l

p
l

W = D W
W

= W = W( ) ( ) ( )c t
L r

c
S

2 4
1.09 , 3S T

where l = 810 nm is thewavelength of the down-converted photons.

2.4.Detection
Thefinal state after transmission through the Sagnac loop (in port-d of the PBS) reads:

Y ñ = ñ - ñf fW +∣ ( ) (∣ ∣ ) ( )( ( ) )N N N
1

2
, 0 e 0 , . 4Nd

H V
i

H VS 0

wheref0 accounts for an initial offset caused by the birefringence of the fiber coil. The detectionmodule consists
of aHWPat 22.5° followed by a PBS and two silicon-avalanche photo diodes (SiAPD), one in each output. This
setup projects the state Y ñ∣ ( )Nd onto the diagonal/anti-diagonal (D/A) polarization basis. Thewhich-way
information (/ ) is inaccessible in this basis, resulting in interference between the twomodes. Note that the
N-photon rate fµ W +( ) ( ( ))R N N Scos 22

0 shows a linear increase of the fringe oscillation frequencyω
(N)=(SN)/2withN.

3. Results

Two sequentialmeasurement runswere performed using a one-photon state (N=1) and a two-photon
NOON-state (N=2), with andwithout the polarizer, respectively. For each run, the angular velocity was
increased stepwise fromΩ=0 to W = -5.6 rad s 1, resulting in a full 2πphase shift according to equation (4).
For each setting ofΩwe accumulated data for a total of~19 s and evaluated the one-photon (two-photon)
count ratesRN=1 (RN=2)with integration time t == 5 msN 1 (t == 20 msN 2 ), leading to 3800 (950) data-
points per angular velocity setting. Note that using different integration times formeasurements accounts for
the different rates of detected one-photon and two-photon states and thus results in roughly the same number of
detected photons per data point for bothmeasurements. Figure 2(a) shows the one-photon count rateRN=1 of
SiAPD2 obtained in thefirstmeasurement run, whereasfigure 2(b) shows the two-photon coincidence count
rateRN=2 between SiAPD1 and SiAPD2 of the secondmeasurement run. Comparison of the two graphs clearly
shows the increased fringe oscillation frequency ofRN=2. Both count rates infigure 2 are fittedwith the function

Figure 2.Count rate versus angular velocity: rate of one-/two-photon state detection events ((a)/(b)). The blue dots indicate the
experimentally determined number of single-photon and two-photon counts per second. Each of the 64,688 (16,204) points was
measured over t == 5 msN 1 (t == 20 msN 2 ). The solid black line is a fit function of the formof equation (5). The dashed lines
indicate the 99% confidence interval around thefitted function if only Poissonian error of the predicted count rate is assumed. Those
lines contain 97.25% (95.88%) of themeasured data.
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R(N) (see equation (5)) using thefitting parameters presented in table 1. The error estimation of thefit
parameters was determined via bootstrapping and confirmed byMonte Carlo simulation.

f= W + +⎜ ⎟⎛
⎝

⎞
⎠( ) ( ) ( )R N

M

N

N
S Bcos

2
. 52

0

The phase shift caused by the fiber coilf0 was set to∼π/2 using thefiber-polarization-controller. The
backgroundB resultsmainly fromuncorrelated residual background counts but also from imperfect overlap of
the counter propagatingmodes. Note that the amplitude infigure 2(a) is about twice as large as infigure 2(b), but
M∼2000 is approximately the same for bothmeasurement runs.Here,M denotes the total number of photons
detected per integration time τN=1(2), in the respective photon state. Thefiber coil is not perfectly circularly
wound andhas extra loops for the polarization controller and the PBS connections, therefore equation (3) is a
rough estimation of the expected scale factor ST, which agrees nicely with the fitted parameter S.

The vertical distribution of the individualmeasurements in figure 2with respect to thefit function ismainly
caused by statistical count-rate fluctuations. The horizontal distribution of the individualmeasurements stems
fromvariations in the rotational velocity of themodified cementmixer (due to an imbalanced ball bearing
mechanism). This deterministic variation ofΩwasmeasuredwith the commercial gyro sensor. By knowing the
timing of individual detection events, wewere also able to resolve those variationswith the FOG. Therefore, this
variation does not affect further error calculations. The correlation of the coincidence count rate and the
rotational velocity asmeasured by the commercial gyro sensor is shown infigure 3.

The uncertainty in themeasured velocity attributed toPoissonnoise ofRN canbe estimated via propagation of
uncertaintyDW = ¶W ¶( ) ∣ ( ) ∣R R R RN

E
N N N

E , whereΩE (RN) is the rotational velocity estimated via the inverse
fit function (equation (5)). The uncertainty estimated in thisway is plotted infigure 4 as a black solid line.Usually,
such gyroscopes are operated at the point of best precision,which is called bias-point. The expected precision at the
bias-pointDWBias

E is numerically compared toDW = ( )S M1SNL andDW = ( )SM1HL in table 2.

With the inverse fit function, a rotational velocity W ( )RN
E j can be assigned to eachmeasured count rate

(blue points infigures 2(a) and (b)). Those values deviate from the referenceΩ, asmeasuredwith the commercial
gyro-sensor. The absolute value of those deviations are plotted infigure 4 (green points), together with the
sample standard deviation (black error bars) of each block ofmeasurements (measurements with similar
rotational velocity). The blockwith the best precision of eachmeasurement run is colored blue and the
respective sample standard deviationΔΩmin can be found in table 2.

4.Discussion

In summary, we have demonstrated the effect of super-resolution in a FOGusing two-photonNOON-states.
The increased fringe oscillation frequency of the two-photon count rateRN=2 with respect to the one-photon

Figure 3.Two-photon count rateRN=2 and angular velocity versus time: variation in time of the angular velocityΩ asmeasuredwith
the commercial gyro-sensor (black solid line). The blue dots indicate the two-photon count rateRN=2, with integration time of 20 ms.

Table 1. Fit parameters of equation (5) as plotted infigure 2.

N M (t =
- ( )N 1 2

1 ) B (t =
- ( )N 1 2

1 ) S f0 (rad)

1 1955 63 ( )1.091 8 1.676(7)
2 1956 49 1.089(0) 1.662(9)
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count rateRN=1, is shown in figure 2. From thefit parameters of table 2, a fringe oscillation frequency ratio of

w w = =  ´= =
-( ) ( ) ( ) ( )S S2 1 1.995 0.4 10N N2

1

2 1
3 can be found. This value deviates from the theoretically

expected value 2. The deviation is on the order of 10 standard deviation and therefore not fully covered by the
specified error, whichmay be due to systematic errors such as drift of the birefringence of the fiber coil or scale
factor S variations. Nevertheless, the inconsistency is rather small, given the poor thermal andmechanical
stabilization of thefiber.However, the ratio is significantly greater than 1, bymeans of 2487 standard deviations,
which bears witness of super-resolution.

Furthermore we have investigated the precision of theNOON-statemeasurements close to the bias-point
ΔΩmin (see table 2).We found that,mainly due to background, it is slightly worse than the theoretical predicted
limitDW = -2 0.014 6 rad sSNL 1. Nevertheless, themeasured precision of the two-photon state performs
better than the one-photon state, and is better thanΔΩSNL. Such sub-SNL precision can never be achievedwith
coherent states of light.

5. Conclusion

In conclusion our result suggest a possible improvement of the accuracy of FOGusing non-classical states of
light. In particular, when usingNOON-states with largeN, one can significantly reduce the de-Broglie
wavelength of the photon state, without altering thewavelengths of the actual photons.Hence the de-Broglie
wavelength can potentially be shifted outside of the transmissionwindowof the FOG. At this point we should
stress, however, that the presented technology is not yet competitive with a classical FOG. Laser-driven FOG [20]
use an optical power of approx. m20 W, which corresponds to a rate of 156×1012 photons per second (at
l = 1550 nm). In contrast, the detected photon rate of theNOON state is 100×103 in our experiment. This
relatively lowphoton rate was limited by the detectors used, whose efficiency decreases with increasing
count rate.

Figure 4.One-photon versus two-photonmeasurement precision. The precision of the rotational velocity,measuredwith the one-/
two-photon state is shown in ((a)/(b)). Absolute value of theDeviation W - W∣ ( ) ∣RN

E j j (green dots). Sample standard deviation of
W - W[ ( ) ]RN

E j j for eachmeasurement blockDWwith estimated errors (black error bars). SNL of themeasurement systemDWSNL

(dashed line). Uncertainty estimated viafit function DW W( ( ))RN
E (solide black line). Themeasurements with the smallest standard

deviation DWmin is colored blue. These data are shown enlarged in the upper right corner.

Table 2.Comparison of themeasurement precisionwithM=1955 photons
detected on average. Standard quantum limit DW = ( )S M1SNL and
Heisenberg limitΔΩHL=1/(SM) of themeasurement system,with the scale
factor S=1.09. Best precision of the respectivemeasurement runΔΩmin (blue
colored data in figure 4). Precision at the bias pointDWBias

E , estimated viafit
function. All values are given in rad s−1.

N DWSNL ΔΩmin DWBias
E ΔΩHL

1
0.0207

> 0.025(0) 0.024 8 >
469×10−6

2 > 0.018(9) 0.018 3 >
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Hence, while our sensor is not yet competitive with commercial gyroscopes, we believe that our work can be
considered an important first step towards reaching the ultimate sensitivity limits in Sagnac interferometry.
With experiments and applications becoming increasingly demanding—so does the severity of the limitation
imposed by noise.Moreover, since power circulating in the interferometer cannot be increased arbitrarily, due
to detrimental power-dependent effects such as to coherent back-scattering [20] or nonlinear Kerr effects [21],
methods and techniques fromquantummetrologywill play a significant role in reaching the ultimate sensitivity
limits of FOG and enable evermore demanding applications in fundamental science and technology.With the
speed of ongoing developments in advancing detector technology and increasingly brighter photon sources, a
technical application of such a systemmay become feasible in the foreseeable future.We hope that ourworkwill
inspire further research in this direction.
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