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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 1.2km-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.






Vorwort

Die Quantenkryptographie erfahrt in jlingster Zeit einen Zuwachs an offentlichem In-
teresse aufgrund des ersten interkontinentalen Austauschs von quantenverschliisselten
Nachrichten. Von dieser Faszination und dem technologischen Fortschritt, welchen
derartige Satellitenexperimente mit sich bringen, profitieren viele angrenzende Fachge-
biete. Beispielhaft dafiir ist die hier vorgestellte Photonenquelle, die im Hinblick auf die
hohen Anforderungen von Satellitenmissionen entwickelt wurde. Mit diesem Werkzeug

in Handen fiihren wir drei voneinander unabhangige Experimente durch.

Zuerst stellen wir die Stabilitdt der Quelle unter enormer Belastung in einer Zen-
trifuge und einem Fallturm unter Beweis. Wir demonstrieren dabei eindriicklich, dass
verschrankte Photonen auch abseits von luftgefederten Labortischen zum Einsatz ge-
bracht werden kénnen, und suchen systematisch nach Abweichungen von der Standard-

theorie der Quantenmechanik in unterschiedlich stark beschleunigten Bezugssystemen.

Fiir ein zweites Experiment konstruieren wir ein auf Zwei-Photonen Interferenz
basierendes Gyroskop, mit dem wir die Absolutrotation beziiglich des Inertialraumes
mit einer Prézision vermessen, welche mit klassischem Licht mit vergleichbarer Inten-
sitat wegen des fundamentalen Schrotrauschens der einzelnen Photonen nicht erreicht

werden kann.

Abschlieflend schicken wir die von der Quelle erzeugten Photonenpaare iiber eine
Distanz von 1.2km durch den stéddtischen Nachthimmel von Wien. Mit einem eigens
dafiir konstruierten Empfanger untersuchen wir die Sichtbarkeit von Interferenz zweiter
Ordnung welche von fundamentaler Bedeutung fiir die technische Realisierung von

Zweigstellen in zukiinftigen 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. Fveryone has the right to the protection of the law against such interference or attacks.”
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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) 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.






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 “FEntangled Systems” by Jiirgen
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 KEinstein,
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 HP. A prototypical example of a two-

dimensional Hilbert space is formed by polarization vectors |p) € H?

p) = (Z) = (@,b)" = (p|' a,beC (2.1)

with a scalar product

{plp) = (@, b) (Z) = (aa + bb). (2.2)

The vectors

1 0
IH) = (O) and V) = (1> (2.3)
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denote horizontal and vertical polarization and form a basis in H?2. 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) = \/|al*+|b]*> = 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 |Qpie) = 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

1
V2

and the right-hand and left-hand circular polarization

D) (IH) +1V)) and [A) = 12(|H> =V)  (29)

1 1
V2 V2

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

R) (IH) —i[V)) and L) (H) +i[V)).  (2.6)

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), = |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)y = [H) or |I)y = |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



2.3 Projection Operators

bl (5157 5152 .. LD |

_ 2 A [

i = |b)(b] = (BT822, b7 = . @)
bP bPul pPp2 ... pPHD

with the eigenvector |b) associated with the eigenvalue 1 and a set of linearly inde-
pendent eigenvectors {|bL>} associated with the eigenvalue 0. The probability to detect
system |¢) in state |b) can be calculated via (g| Il |g). After projection, the system is
described by the eigenvector of the operator |b). Any further projection (ﬁ2 =1I" = ﬁ)
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 Iy = |H) (H|. Thus, the probability of measuring
p) (see Equation 2.4) in mode |H) is (p| Iy |p) = (p| [H) (H||p) = @a = |a|*.

In a two-dimensional Hilbert space, a projection onto any normalized state |p) cor-

responds to a (complex) Hermitian 2x2 matrix Il = I with

Tr (T1) = T (Jp)pl) = (HI [p)pl [H) + (VI[p)(p|[V) =Ga+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 ;, which together with the unit matrix o

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

o Trol _ o1l _ o =il - 1o 29)
on = g1 = g9 = g9 = .
"o 1|l "t ol TP i oo T o -1

These fundamental Pauli operators have properties relevant for further calculation:

matrices.

Tr (Go) = 2 (2.10)
Tr (5;) =0 (2.11)

5 =00 (2.12)

0,0 = 0500 + 1€k 0%, (2.13)

[6:,5;] = 5:0, — 6,01 = 2i€;j10%, (2.14)

with Latin indices € [1,2,3], Greek indices € [0,1,2, 3], and the Levi-Civita sym-
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bol* denoted by €;;;. With the Pauli representation each projection operator can be

expressed in terms of the vector components n; on the Poincaré sphere (see Figure 2.2)

3
EZ 0,3, — ”OA +Z"’A (2.15)

l\D

Since the trace of a projection operator (Equation 2.8) equals one

3
Tr (ﬁ) —Tr Go)+ > %ﬁ —Tr (o) = no = 1, (2.16)
=0

Equation 2.15 reduces to

~ 1 .
II = 5(00—1—712'0,-), (2.17)

where we have used the Einstein notation of summation over identical indices. Two
projectors ﬁl = |b;)(b;| and ﬁk = |bg )(bi| are orthogonal to each other with respect to
the trace product of matrices Tr (ﬁlﬁk> = 0y, iff (b;|bx) = d;,. From the orthogonality

of tow projectors

Tr (ﬁl ﬁk> = —Tr ((Go +nidi) (00 +m;o;))

= —Tr ((0o + m;0; + ni0; +nim;0;0;))
(24 0+ 0+ 2n;m;0; ;)
(1 +n;m;)

- —

l\DM—ll\DM—w&M—wJ; o

_
+

(2.18)

it follows that the wvectors 7.m = —1 are antiparallel and normalized
|7||* = ||m||*> = 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:

+1 if (4, 7, k) is an even permutation of (1,2,3)
Teije =9 —1 if (4, j, k) is an odd permutation of (1,2,3)

0 else
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Projector | Bracket Matrix Pauli Decomposition | 7 = (n1,na, ns3)

~ 10 L

HH ‘H><H| 00 2 (0-0 + 03) (07 07 1)

~ 0 0 ~ o~

Iy V)V [O 1] 1 (G0 — 73) (0,0,-1)

_ I L

IIp IDXD| | 3 - 3 (00 +01) (1,0,0)

T 1 I -1 1/~ ~

1A [AXA[ | 3 . 3 (00 —01) (=1,0,0)

_ - o

Ir RXR[ | 5. . 3 (00 +02) (0,1,0)
i

~ 11 1~

I, ILXL] | 5 . ) 3 (00 —02) (0,-1,0)
—1

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

matrices.

[(60 +0i), (0o £ ;)] = G0 £ 0 + 0, £0;0; — 09 — 0; F 0; F 050, (2.19)
— +[6,5)] (2.20)
= +20€,,5% (2.21)
£0 Vi (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 A = {0,1} which are

associated with the measurement results
e \=1 <= “System is in state |b)”.

e A\=0 <= “System is not in state |b)”
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In general, measurements in quantum mechanics are represented by Hermitian op-
erators called observables O = Of. These operators associate a state with a number
that is the expectation value of a repeated measurement (p| O [p) € R. Such observables

can be decomposed into orthogonal projection operators

O = b [bi)(bi| = > bl (2.23)

with eigenvectors |b;) and real eigenvalues b; € R. The set {|b;)} with ¢ € [1,..., D]
is an orthonormal basis of HP.

A measurement with a polarizing beam splitter (PBS) can thus be described by the
observable Oy = [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 6HV = ﬁH — ﬁv = %(30 +03—00+03) = 03. 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

o~ o~ 1 L R N
Op =1I-1I" = B (00 + nio; — 0o +njo;) = njo; (2.24)

where 7t 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

YARN
o = ey

Figure 2.1 Unbalanced Mach—Zehnder interferometer with polarizing beam
splitter cubes (PBS).

process.

10
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To illustrate this, imagine a diagonally polarized photon |D) = %UH) +|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:

e If the path-length difference is zero, the coherent superposition of the two modes
leads to %(!H> +|V)) = |D).

e 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 |1), the
state of the second case could also be written as %(|H> ® le) + V) @ |1)) [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

AR = 3 (H)(H] + [VXV)). (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

1
b = D)D| = 5 (IH)H| + [H)V] + [V){H] + [V){V]). (2.26)
In general, any p can be decomposed into orthogonal projectors

D

D
p= Z Py [bi )(bi| = ZPi,ﬁi (2.27)
=1

i=1
where P; are the projection probabilities which add up to one. From >, P, =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(p) = 1. In a two-dimensional Hilbert space, density matrices can be

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

~ 1 ~
P=3 (To + 8i04) . (2.28)

This means that all states can be uniquely characterized by s;, where §= (s, $2, $3)
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 P (s1, 59, 53)
[H) [H)(H]| (0,0,1)
V) VXV (0,0,-1)
D) 3 ([H)CH] + [H)(V| + [V)(H| + [V)(V]) (1,0,0)
|A) 3 (H)(HE| = [H)XV] = [V)H|[+ [V)V]) | (-1,0,0)
R) 3 (H)(H| = 2 [H)V| + 2 [V)(H| + [V)V]) | (0,1,0)
L) 3 (H)(H| + 3 [H)(V| — 2 [V)(H| + [V)V]) | (0-1,0)

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

matrix p, and Stokes vector §= (s1, $2, S3)

The expectation value of an observable can be calculated via Tr (ﬁ 6) The pro-
jection II of a state defined by § yields a probability of

Tr (ﬁﬁ) = ST ((Go + :5,) (5o + nj5;))

I
\
=

(oo + nﬁj + n;0; + smﬁﬁj)

(24 0+ 0+ 51,26 ;)

(1 + smi) . (2'29)

DO s | = s | = s | =

The states from the interferometer example piy"® = 1/2(G + 71) and pihixed = 5,
are represented by the Stokes vectors 5 = (1,0,0) and 5%, = (0,0, 0), and a projective

measurement in path “Exit” of the interferometer result in

~ 1
Tr (5" ) = 5 (1+557) = m (2.30)
~mixed 17 1 ->m = 1

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

Such states are called maximally mixed. For pR"° = |D)(D| we find a unity projection

12



2.5 Mixed States

probability for the projector Ip = |D)(D| which corresponds to the vector @ = (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

I 1 =1 pure state
T (7%) = 5 (1+151°) (2.32)
<1 mixed state,

where Tr (ﬁ2) is called the purity of the state p. 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 ||5]|> < 1 correspond to mixed states.

IR)

ID)
A

IL)

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

Poincaré sphere.

2.5.1 Entangled Photons

Two quantum states | € Ha and [¢)° € Hp can be considered as a composite

quantum system, which is described by the product states |¢>’3£ = |¢>A @ [v)P e H of
A

the product space H = H ® Hp . Any state |¢) B ¢ 14 ® Hp that can be written

sep

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

ap _ 1 A B A B
9 = 75 (107 @ 1) + oy @ 1)) (2.33)
where the state of one photon depends on the state of the partner photon. Any
>A

state vector |¢ Bey 4 ® Hp that cannot be written as a direct product of two state

vectors is said to be non-separable or entangled.

fwith D = Da x Dg for finite-dimensional subspaces

13
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In the following, we will largely refrain from explicitly writing the tensor product
and denote such states using |¢)* @ |\ = |¢)* [¢)P. A basis in the product space of
polarization states (D = 2 x 2 = 4) is formed by the set {|®1),[®7),[¥T), |V )} with

%) = \2 (11 1) = vy (Vi) (2.34)
o+ = \}5 (P V2 vy 1)) (2.35)

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

The corresponding density matrices are

Po+ = |OEN®F| = — (555 £ 5167 F 5508 +0550%) (2.36)

N N

Pyt = |UENTE| = = (605, £ 0101 £ 0505 — 550%) (2.37)

where we have omitted the tensor product between the Pauli matrices ﬁﬁ‘ and 5
which act in subspace H 4 and H g, 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 |¥™) 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 Il = P pl©1B =1/ 2(G8 +mo) @ 68

~ 11 A P A B A A A A
T (T ) = 2200 (0058 + mioo) @055 — o100 — 5555 — 53aD)
11

1
=3 (2.38)
The probability of the projection yields 1/2 for arbitrary measurement setting
7. Measuring the B subsystem instead of the A subsystem yields the same result
Tr (ﬁlﬁﬁ\pf> = 1/2 with ﬁlﬁ =14 \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

M (62 @58) = Tr (62) Tr (57)
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2.6 EPR and Local Hidden Variables

V21l [97) = V2 (a iy +b[v)) (AVIB+ AHla) o)
= )" (-5 +a V)
= |p)* ‘pL>B , (2.39)

with }pJ-> = —b|H) +@|V) and <p‘pJ-> = 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]:

e 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.”

e 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.”

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

the physical theory.”

An entangled photon pair in state |[¥~) 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 |¥~) 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 ﬁ\/ and ﬁD 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 § is analyzed by
means of a half-wave plate followed by a polarizing beam splitter (6ﬁ = n;jo;). After
the measurement, the photon has one of the two polarizations 4, corresponding to the
measurement results A(77) = £1. Quantum mechanics merely describes that the state
47 occurs with a probability of %(1 + 3.77) 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 X. With
the knowledge of both Stokes vectors A and 3, the measurement result Ax (i) for any
measurement settings 7 can be predicted with certainty?.

By successively repeating the experiment with N photons, we observe the mean of
the measurement series (4) = 1/N va A;(1) = §.7i, which is correctly predicted by

quantum mechanics

0:) = 11 (0G0 + 5:57) ) = 5. (2.40)
(0n) = 31 ( )

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

that the vector X is a random variable with a probability distribution of o(X), where

(As(7)) 5 = / dX o(N)A(7, X) = 5.7 (2.41)

and [ dX o(X) = 1 must hold.

Se.g . A; (i) = sign (§ﬁ n X.ﬁ)
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2.6 EPR and Local Hidden Variables

Now the question arises whether with such an LHV theory the anti-correlations
of the |¥~) 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;=A

by :\‘(ﬁ) (Bx(m) + Bx(ml)) + Ax(ﬁ/) (B/—\‘(T_ﬁ,) - B/—\‘(T_ﬁ,/)) =42, (2.42)

where A;(7) = £1 and By(%) = £1 describe the measurement result of Alice and
Bob with the measurement setting & € {7, 7, m,m'}. It is evident that the equality

holds since By (1) + By(ni') can give either +2 or 0. If By(m) + By(n') equals plus

or minus two, it follows that By(m) — By (') must be zero and vice versa. For the

expected value <S X> % the inequality

—2<(S5); <2, (2.43)

with

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 éﬁm = 6}? ® 651 = nﬁlA ® m]@}s and

yields

—~ . 1 R A A PR A
T (Ouny-) = ST ((nm;255) 335 - o7ap - oap - s4ab)
1
=y 4(—06;105,1 — 6i 2052 — 0i305,3)
= —Nn;m;
= A (2.44)

for the |[U™) state. This results in an expected S value of

(8) = (O ) + (O ) + (O ) — (O

— i’ m+ il (2.45)
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If the vectors are chosen to be on the Poincaré sphere and in the plane of linear

polarization
sin ay, 0 sina/, 1
i = 0 =10 i = 0 =10
oS (i 1 cos o, 0
sin By, . 1 sin 8!, L 1
m = 0 = m = 0 =—1| o0 |,
V2 V2
o8 Bm 1 cos 3,
(2.46)
the expected value of S assumes a minimum of (S) = —2+/2 for the angles a,, = 0,

al, = m)2, B = w/4, B, = w/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 ](b)AB € Ha ® Hp that cannot be written as
a direct product of pure states of the subspaces |¢>§£) = [¢Y' @ )P is called entangled.
A similar statement can be formulated for mixed states! of the product space. Any
bipartite density matrix p acting on H4 ® Hp is said to be separable iff it can be

written in the form [23]

Poep = D wi Py @ 2

1 =~ o -~ ~
3 Z wi (35 + 55,07 ® (30 + Tx,:)T%); (2.47)

YAny bipartite density matrix p acting on H% ® H% can be decomposed into Pauli matrices p =

% (tu,ya;}a}j). For each valid state, the trace of the density matrix must be one Tr (p) = to,0 = 1.
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2.7 Verification of Entanglement

with sets of Stokes vectors denoted by ;) € [sj1),5j,2),---] and
i) € [75,01),75,2)5 -] The sum of the positive weights w; > 0 is normalized
to one >, w; = 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 \/A\?, which bears witness to this property.

Lemma 1. “For any inseparable state pens there exists Hermitian operator W such

that

Tr (Wﬁem> <0 and Tr (Wﬁsep) >0 (2.48)

for any separable psep.” [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.

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 | ™) 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

B = (n;(my; +m}) +nl(m; —m})) PGP (2.49)

b
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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 @HD.

Bup = V2 (5157 +5555) . (2.50)

For separable states, this operator yields an expectation value of

Tr <@HDﬁsep) = \/izwi (81,()T1,(6) T+ 83,(6)73,(5) ) (2.51)

with a minimum value of —v/2. Shifting this operator by the value v/2 and multi-
plication with a factor 1/v/2 yields

Wip = —= (V2T + B

=500 + 0101 + 0405 (2.52)

This operator now has positive expectation values for all separable states
Tr (WHDﬁsep) > (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 |¥~) by means of a negative expected value Tr (WHDﬁq,_> =-1.

At this point we want to introduce the horizontal/vertical and diagonal/anti-
diagonal correlation operators 9HV = —5458 and VoA = —ooP, 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

Wip = 1818 — Yy — Vpa. (2.53)

Nxy+Nyx—Nxx—Nyy
Nxy+Nyx+Nxx+Nyy

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

Experimentally the visibility can be accessed via Vxy = , where

tion X and Bob’s detector for polarization Y. The above equation reveals that visibility
measurements satisfying ]A/D A+9HV > 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 a' (3), which generates (eliminates) a photon when applied to

a n-photon state |n).

alln) =vn+1|n+1) (2.54a)
aln) =+vnjn—1) (2.54Db)

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

satisfy the known commutation relation

[a,a*} —1 (2.55)

and relate to the number operator via
N|n) =3"3|n) =nn). (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 ¢ and d. This process is described

by the creation operator relation [28]

JUR BV
al = 7 (ai - ag) (2.57a)
~ 1 /4
3l = 7 (ajl n ai) , (2.57b)

where 3L 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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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 (e / m) 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

o~ 1/~ ~ ~ ~
alale = 5 (ale3ha —3l.ala +3lal. -3l a0 (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 (e / m) in
Equation 2.58:

PSR 1 ivg g et afa 1oy g
aaa}t =3 (aiai1 - aila:[ +3alal — aﬁaL) =5 (aiaT — aji T) (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.

PPN Bs 1
atal [Vac) 25 5 ( i3l —ala d) |Vac) (2.60)
BS
1a; 1) = —= (|2¢,0a) — |Oc, 2q)) (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

1 1 . ~
INOON) = = —— (@Y = @)™ [Vac) =

1
E (IN,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 ¢ 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.

3l = 12 (31 +5}) (2.63a)
3t = 12 (s —a1) (2.63b)

b b Figure 2.5 Mach—Zehnder
PN interferometer: ~HOM inter-
C s \ % ference of two photons at the
d first beam splitter generates a
d C NOON state in modes ¢ and d.
s f E The coincidence count rate of
e the detectors in modes e and f
@ depends on the relative phase ¢

(see Equation 2.65).

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

is described by the operator CAfC(qb) = eﬁNC¢, whereby N, = al 3, represents the photon
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number operator in mode c.

5 (@2 =G Va) 25 2 (@12 + (3])%)sin(9) + 2305} cos(0)) [Vac)
(2.64a)
1 i BS . _
7(|2 0)—e0,2) % 7(|2 ,0) +10,2)) sin(¢) + |1, 1) cos(¢) = |Outa)
(2.64D)
Res = |(1,1|Outy)|? = cos?(¢) (2.65a)
Ree + Rg = |(2,0]Outy)|* + |(0, 2| Outy)|* = sin?(¢) (2.65b)

Equation 2.65 shows that the normalized coincidence count rate Rt 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, Rg) 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.

5o v 2 ] (aeos() 4 afsin)) veo (2:66)

&\

(y1 0) — &% |0, 1>) B 1,0 cos(¢) +10, 1)sm(§) = |Out;)  (2.66b)

Sl

Re = |(1,0]0uty)]? = cos,?(g) (2.67a)
Re = [(0,1]0uty)[? = sin2(§) (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

R, = Mcosz(g) + B (2.68a)

Ret = M/2cos*(¢) + B (2.68b)

24



2.8 Two-Photon Interference

with an average detected photon rate of M, 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

H(Re) = 2cos™! ( Re]\; B) (2.69a)
d(Ret) = cos ™! ( 2R‘3f]\; B) (2.69b)

The error of the phase measurement results from the propagation of the uncertainty
of the measured count rate A¢(R) = [0¢/OR|vR. Such a system has maximum phase
sensitivity at the Bisa point — at a count rate RP® — at which the unknown phase

can be determined with an uncertainty of Ag(RB2s).

R8s — \/B(M + B) (2.70a)

RB* — \/B(M/2 + B) (2.70b)

AG(RP#™) — ! (2.71a)
VM +2(B — /BOI 1 B))

A¢(RG™) = ! (2.71b)

- \/2M +8(B — \/BOI/2 1 B))

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

. . 1
. Bias\ __ Min __
élino AP(R)™) = Agpy ™" = iTi (2.72a)
. . 1
: Bias\ __ Min
élir}) AP(RG™) = A¢s ol (2.72Db)

The measurement precision obtained for single photons corresponds to the shot-
noise limit (SNL) A¢ > Apgny, = ﬁ,

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

which cannot be violated with classical states
factor of v/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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Aqb%in = \/]\}7M [37]. The absolute minimum as predicted by the uncertainty prin-
ciple ﬁ 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 1 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 1V, rendering such an event increasingly unlikely with increasing

N. We can therefore estimate the precision achieved in the presence of photon loss by
AMin () — 1 ‘
N (1) TN N M

Figure 2.6 Measurement precision

A¢ vs. transmission 7: Achievable mea- 0.15f
- Min (,,) — 1

surement precision A¢y"(n) = Worrai 010l
in the presence of limited photon trans- o )
mission n for NOON states with different | 0.05
photon number N and a mean pho- '

ton rate of M = 1000. The shot-noise 0.00
limit —A= = 0.032 and Heisenberg limit 00

% = 0.001 are depicted with a horizontal n

dashed line.

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

( \/0'5122 — = \/0.15 —). 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 SLEI, |Vac) = |1, 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

~ 1 4 ~
3 = 7 (3 +3h) (2.73a)
~ I 4
3l = 7 (3, -31). (2.73b)

Rewriting |1y, 1y) in the DA basis shows that this two-photon state can be regarded

as a NOON state in polarization modes.

A basis, 1 [t af A~

aLaI, |Vac) DA-basis, 3 (alTDa]T3 - a&aL) |Vac) (2.74)
DA-basis_ 1

1m,1v) = —=(2p,0a) — |0p, 24)) (2.75)

V2

HWP b
|X| a PBS
@ Figure 2.7 Polarization measurement: The
& C | two-photon state |1y, 1y) traverses an HWP followed
d by a PBS with single-photon detectors in each output
Y ) 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

31 H= COS<29)51 g+ sin(26)52; v (2.76a)
31 v= 008(29)32; v — sin(29)§1 - (2.76b)

with 6 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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N~ HWP&PBS N~ L. 4~ o
a;Ha;V |Vac) —— <COS(49)31,H3<T1,V —5 sin(46) (alvHai,H - a(Tl’Vaji’V)) |Vac)

(2.77)

HWP&PBS 1.
1o, layv) ———— cos(40) [1cm, Llav) — —=sin(40) (|2c,n, 0a,v) — [Oc,1,24,v))

V2
(2.78)

Thus, at an angle of § = ¢ 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

a1, Oav) PP, 005(20) 1o p1, 0av) + sin(26) [0, Lav) (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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3 Detection and Data Analysis

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 tqcaq 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 oy, results in uncertainty
of the registered time of arrival.

The detection efficiency np 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 1%} 180 pm 500 pm
Detection Efficiency  np 64 % 50 %
Dark Count Rate Rp < 600 Hz 200 Hz
Jitter o 350 ps 100 ps
Dead Time tdead 20 ns 10 us

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

100 ‘ ‘ [ 100
detection efficiency np vs. e
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reprinted from the data sheet of — 60 60 §
the Excelitas detectors, extrapo- EQ- £
lated with a typical responsivity S 40 40 E
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of a silicon APD. The gray (red) 20 L0 E
line shows the transmission of 7 |
the Semrock LL01-810 (Thorlabs O 0

800 1000 1200 1400 1600

FGL665) filter. A [nm]

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 x 1079 = 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.

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

——

[112]13[4[5]6]7]8] . . .
———~— 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

H_J .
channel edge was detected, respectively.

with the first seven bytes containing the time information. The

84 84 7 56 | 68 | 97 | 116 | 97 1 4 0 0 | 129 0 0
0 0 63 25 180 | 31 0 0 0 0 24 | 39 | 248 | 255

214 | 127 0 0 16 | 119 | 152
80 | 171 | 175 1 80 | 163 | 106 | 2 0
0 80 | 49 | 183 0 80 73 | 80

NIO|O| O

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 (2144127 x 256) 82.3 x 10712 = 2.693 ns.
The channel information is in the last byte of each tag (bold). The number 16 results
from the Bit-string [00010000]s = 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 ta = tp1 — tpo,
are called “coincident” if |[ta — tq| < tcoi/2 where tqo is the coincidence window. The
mean time delay between related time stamps t4 can be determined via cross-correlation
of the arrival times, if ¢4 is stable for a sufficiently long period of time ¢, [43]. The full

width half maximum of the correlation function (tpwmwm) is determined by the timing
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jitter of the detectors (oyp1 and oyp2)

trwaM = 2v/2log (2) \/Ut2D1 + 0pg + t2n (3.1)

and the coherence time t.,, of the photons. With the photon source used, the
coherence time of the generated photons t.,, = 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 tpwpy = 822 + 10 ps. This corresponds to a
jitter of the detectors oarr = 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 opxc = 181 £ 1 ps, which is shorter by ~ 150 ps than the value specified in the data
sheet.

Figure 3.3 Histogram of ¢ta, £, [Time Bin]
A
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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 ¢.,; by accident. Such coincidences are called accidental coincidences or
accidentals.

In a time period AT, two APDs detect a number of B and B single events. Thus,

the mean photon number per coincidence window is m; = B; tAC% The actual number

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

mr

ﬁeim. (32)

The probability of detecting exactly one photon within t..; in each of the two detec-

P(k,m) =

tors, multiplied by the number of coincidence windows n = AT /t.q, gives the expected
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number of accidentals per AT. For small mean photon numbers 7z < 1 the probability
P(1,/m) can be approximated by the Taylor series me™™ = m + O(m?) *. Thus, the

accidental rate per AT results in

. . tcoi tcoi AT tcoi
Rp.c = P(1 P(1 ~Bi— B — =B1 B .
Acc ( 7m1) ( 7m2) n 1 AT QAT toos 1 D2 AT

(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 x 103 - 8 Byte =576 MB. 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 ¢, 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 Eventl[i][n] starts at the earliest possible time of a coincidence u = Event[i|[n] +
tq — teoi/2, with the mean time delay tq and the coincidence window ¢ci. 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 tA = Event[j|[m] —
Event[i][n] — tq is less than ¢.i/2. Such events are stored in an output file. Otherwise
Event[i][n] cannot have a partner in j sice tgead > teoi- Subsequently, this procedure is
repeated for Event[i 4+ 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 tq 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
ta, = U teoi /2, with [ € Z. The delay which results in the highest number of coincidences

can be used to calculate the mean time delay via tq = tq,,,, + Mean(ta,,,.)-

The deviation from the mean time delay tA 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 tgead > tcoi-
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Read Events from File

I

n=1&m=1

u = Event[i|[n] + tq — tcoi/2

no
n++ u >0

yes

no
m++

yes

ta = Event[j][m] — Eventl[i][n] — tq

¥

no

yes

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

Figure 3.4 Flowchart of the central loop of the coincidence search program. The event
times are sorted in an array Eventl[i][n], with the row and column corresponding to the

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

3.6 Mean Time Delay Tracking

The mean time delay tq 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 tq, which must be considered in the coincidence search [43]. In this case, the delay
search has to be performed for each time period ¢,,. In order to achieve an unadulterated
result, the time delay tq may not change by more than one time bin during ¢,. The
temporal variation of ¢4 is plotted in Figure 3.5 and can be approximated by a linear
fit function with a slope of 280ns/s (3402 time bins/s). This corresponds to one time
bin every 294 us (¢, % 294 ps).

The temporal delay of pair events is normally distributed around tq with a stan-
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Figure 3.5 Top: Mean time delay tq of pair events between two TTMs plotted over
time (red line). The instability of the internal clocks leads to a temporal change of
tq. The black dashed line shows a linear fit with a slope of 280 ns/s (3402 time bins/s).

Bottom: Residual of ¢q over time (red line).

dard deviation of 1/0t2D1 + atZDQ. Thus, if Ng,; coincidences are measured, tq can be

determined with an uncertainty of

1 [ 2 2
o, = o + o . 3.4
tq /7Ncoi tD1 tD2 ( )

The greater the photon loss along the optical link, the smaller the number of detected
coincidences during t,. As a result, the error of tq becomes larger. In order to improve
the stability ¢,, 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 Atppg = tPPSyi1 —
tpps,, ~ 12.15 x 10° 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 x 10%)/Atpps

12.15 x 109

+m (12.15 x 10° 3.5
Atrps ( ) (3.5)

EventCor[i][n]| = (Event[i|[n] — tpps,,)

where m is the consecutive number of the PPS signals. The mean time delay tq
between corrected time stamps still varies in time due to instabilities of GPS clocks

(see Figure 3.6).
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Figure 3.6 Mean time delay tq 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 tq with a maximum slope of 2ns/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 tq vs. time

!
is 2ns/s (24 time bins/s) which corresponds to one time bin every 41 ms (¢, < 41 ms).
Thus, by using the GPS clocks, ¢, can be increased by a factor of 140, which reduces

the error of tq by ~ 1/12 compared to the estimation without time correction.
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4 Entangled Photon Source

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 wp, 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(w) experienced by the three interacting fields within the birefringent material. The

conservation of energy

wp = WH + wy (4.1)

is satisfied for various frequencies wy and wy of the horizontally polarized signal
and vertically polarized idler fields. The crystal is chosen so that the phase mis-
match Ak = kp(wp) — ku(wn) — kv (wy) of the propagation constants k(w) = 2mn(w)/A
is zero for certain frequencies (wp = 2wy, wy = wp, wy =wp). The phase-matching
condition Ak = 0 is not satisfied if the angular frequencies deviate from these values
(wg = wo + Q, wy = wp — ). Consequently, the phase difference after propagation over
a distance Leon, = m/Ak is equal to 7 and the contributions thus interfere destructively.
Such frequencies are suppressed if the length of the crystal L is greater than Lcgy.

In periodically poled crystals with a poling period A, the sign of the nonlinear po-
larization response is inverted periodically after a distance Lo, = A/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 |Ak| < 27/L with

Ak(wH,wV) = kp(wH + wv) — kH(wH) — kv(wv) — QXF (4.2)

significantly contribute to the downconverted field.
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4.1 Spontaneous Parametric Down-Conversion

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) — / oy deos JSA (w1, oz )il (wn il (ws) [Vac) (4.3)

with the joint spectral amplitude

JSA(w1, wa) o (w1 + wa)h(wr, wa) (4.4)

- L
and the creation operators ’d}}(w) |Vac) = |w)y for the modes given by X,w. The
spectral amplitude of a narrow band pump field a,(w) can be approximated by a delta

distribution a;(w) =~ d(w — wp). Consequently, the biphoton part of the SPDC state

simplifies to

SPDC) . = ¢ / dwrh(wn, wp — w1 )al (w)ah (@ — wi) [Vac), (4.6

with a normalization constant . 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(w)
of the individual photons traced over the frequency of the respective partner photon

can be calculated as

PSDy (won) = / d {witly ('], [SPDCY(SPDC] |w')., fwrt)y
o |h(wr, wp — wi)|? = sinc? (sAk‘(wH, Wp — wH)> (4.7a)

PSD\/(WV) = /dw’ <wI}H <wv|v ’SPDC><SPDC| |wv>v {wI>H

= PSDy(wp — wy). (4.7b)

Those spectra have a global maximum at wpop and wyo = wp, — whH, Which is where

the phase matching condition Ak(who,wp — who) = 0 is satisfied. Two separate spectral

39



Entangled Photon Source

bands with orthogonal polarization are observed if the difference wyg — wyyg is greater
than the bandwidth of the SPDC photons Awy,,. Such states with wyg # wyg are called
non-degenerate. However, the spectra of the photons completely overlap if the state
is degenerate (wp = wpp = wvp). 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).

)

808 809 810 811 812 808 809 810 811 812
Ay [nm] Aw [nm]

808 i 808 i

Figure 4.1 Joint power density |JSA(Am,\v)|° for the degenerate case
Amo = Avo (left) and the non-degenerate case Ago # Avo (right). The corre-
sponding power spectral densities of the signal PSDy(Ag) and idler PSDy (Ay) fields are
depicted outside the frame. The vacuum wavelength of the respective field is denoted by

Ax (W) =27c/wx.

The bandwidth of the SPDC photons Awyy, is determined by the FWHM of the
squared sinc-function
Awbw Awbw

3 W T

sinc? <§Ak(w0 + > = sinc?(1.39) = 1/2 (4.8)

and can be estimated using a Taylor series expansion of Ak around the point w = wy

Ak(w,wp —w) = Ak(wy + Aw, wp — wy — Aw)

2
byl + )bl ) T
~ (dkH/dw‘wZMO - dkv/dw’w:wo) Aw
~ —DAw = D(wy — w), (4.9)
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4.1 Spontaneous Parametric Down-Conversion

resulting in a bandwidth of Awpy = % or Alpw =~ %4&5’? where
D= % — % describes the difference of the inverse group velocities for the sig-
nal 1/vg = dk:H/dw|w:wO and idler 1 /vy = dl’f:v/do.2|w:w0 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 At = t;; — tv could be measured by placing two detectors
equidistant to the exit surface of the crystal (xg = xy = x). The probability of detect-
ing a signal photon at time ¢y if an idler photon was detected at time ¢y is proportional

to the intensity correlation function [53]

GOt tv) = (SPDC| Bl (z, tn) B, (2, tv) By (z, tv) En(, t) |SPDC)  (4.10)

where

Byl t) = \/12? / e (t=2/OG (1 do (4.11)

is the positive frequency part of the electric field operator E,, (z,t) + E\Jn(m, t). In

the calculation of GgP)DC we follow [26] and calculate first

E\/(.’Ev, tv)EH (.’L’H, tH) ’SPDC)

— 2i / h(w, wp — w)e wltn—zn/e)o=iwp—w)(tv=av/c) 4y, | Vac)
i

— %e*ﬂwp(tvﬂv/@ /h(w,wp — w)e WAI=AT/) 4, [Vac)

_ %e—ﬂwo(ztv—zxv/w%) /sinc(éD(wo _ w)) o iw(At=Az/c—EP) g |Vac)
_ %e,m(Qtv,m/c+%)efﬁwo(mfm/cf%)H (At — ALxgc - L2D> Vac)
_ % ooty +@m+ov) o] <LA;) _ LAT;CC _ ;) Vac) (4.12)

where we have used Equations 4.6, 4.5, 4.9, the commutation relation 2.54 and

/sinc(C’ + Cy w) e ¥dw = B b eﬁ%t (4.13)
e TN 205 '
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with rectangular function

1 if-i<Xx<]
I(X) = (4.14)
0 otherwise.

From Equations 4.12 and 4.10, we find the G(SQP)DC—function:

2 At 1
GOt ty) o TT (LD - 2) . (4.15)

Figure 4.2 Second-order correlation
function G® of signal and idler photons G4
from SPDC vs. relative timing of the pho- A

tons At. The maximal temporal delay ac-

quired in the ppKTP is given by the crystal
lengths L and the difference of the inverse 0 % LD

group velocities D.

> At

The intensity correlation function is zero for At =ty — 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 At = 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

LD
Toff = 7 (416)

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 7. 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

IHar) = ¢ / dw h(w,wp — w)e 7al (w)al (wp — w) |Vac) (4.17)

*if D = -~ — L has a positive value
VH vv

42



4.2 Experimental Setup

with 7 = % + A7. The parameter A7 results from either insufficient walk-off com-
pensation or a deliberately introduced delay between signal and idler photons. With
perfect walk-off compensation (A7 = 0), the G®)-function is centered around At = 0,

and the photons are indistinguishable in terms of arrival time.

At+1 1 At
(2) N =
G (tH,tv) o 11 < 2> 1I < ) . (4.18)

Figure 4.3 Second-order correlation

G (an function G® of signal and idler photons
A

after walk-off compensation vs. relative
timing of the photons At. The full width at

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

> At
lengths L and the difference of the inverse

group velocities D.

4.2 Experimental Setup

A continuous-wave pump laser with a wavelength of A\, = 405nm 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:YVOy) 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 A\p = 405nm and a nominal power of 40 mW. The actual output power was remotely
controlled from a computer and set to 27.5 mW (diode current 60 mA) for most experi-
ments. The manufacturer specifies a spectral line width of Apwun = 0.08748 pm, which
is achieved by internal wavelength stabilization via volume holographic grating. Such a
bandwidth corresponds to a coherence length of {495 = 210g2) X _ 1 95m and

T AMNwHM
a coherence time of t405 = l405/c = 4.15ns T.

Jf:tl405 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 A, = 405nm is focused loosely (fi = 15cm) into a ppKTP crystal, generating photon
pairs which are subsequently coupled (fa = 4cm, f3 =31 mm) into a sole polarization
maintaining single-mode optical fiber (PMF) with numerical aperture NA = 0.12rad. An
additional Nd:YVO, 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 wyps, = 297 pm (Azpway = 350 um)
and along the y axis a waist of waosy = 240 pm (Aypwim = 282 pm) were measured.

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

A
ﬂ’wiom -
focal plane [54]. These waists correspond to a Rayleigh range (in vacuum n = 1) of

f1 = 15cm, which creates a waist of wy,g = 65 pm and wyo = 80 ym in the
2z = 3.2cm and 2z, = 5cm. 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 = 10 mm, a poling period
of A ~ 10 um, and a rectangular cross section measuring 1 mm X 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 KTiOPOy) is an optically anisotropic crystal. Its wavelength-
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dependent refractive indices (ny, ny, n.) 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].

njo(A) = | A;+ Bjc, + DjE_ — Fj (A x 106)? (4.19)
1- ()\><1J06)2 1- ()\><166)2
A B, C; D; E; F;
j=w || 2.16747 | 0.83733 | 0.04611 0 0 0.01713
j=y | 219229 | 0.83547 | 0.04970 0 0 0.01621
j =z | 2.12725 | 1.18431 | 0.0514852 | 0.6603 | 100.00507 | 9.68956 x 1073

Table 4.1 Sellmeier equation coefficients for KTP [55].

Note that, A = 27c/w 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 A, = Xg/2 (As = A\j = Ag = 810nm),
those results can be simplified to Equation 4.20 with the parameters from Table 4.2.

np(A\, T) = nyo(N) + ap 1078(T — 25) + b, 1078(T — 25)2 (4.20a)

ns(A\, T) = nyo(N) + as 1073(T — 25) + bs 107%(T — 25)? (4.20D)

i\, T) = nz0(\) + a; 1078(T — 25) + b; 1078(T — 25)2 (4.20c)
p S i

a || 24.7675 | 9.8180 | 16.2689
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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27
Ak(wo,wo) = k‘p(QWO) — ks(wo) — ki(wo) — X =0
. 2 np()\0/2,T) _ 2 ns()\o,T) _ 2w ni(Ao,T) _ 2l
- Xo/2 Ao Ao A
Ao
0=27p(%/2,T) = ns(Xo, T) = (Ao, T) — - (4.21)

The above condition is satisfied at a temperature T=44.87°C, assuming a poling
period of A = 10 um. 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 T =37.15°C (see Figure 4.9). This can be explained by a slightly
longer poling period Aeg = 10.023 pm?, which may result from manufacturing tolerances
or a small tilt of the pump beam «j; ~ 2°. However, when the laser was switched on
and off, variations of Ty 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(Lo,T) = Lo (14 6.7 x 1075 (T — 25) + 11 x 1072 (T — 25)?) (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
(A44.440c = 10.0013 pm). 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 Aeg = 10.023 um and the temperature
Ty =37.15°C for all subsequent calculations. For parameter estimates or fitting func-
tions, it may be helpful to approximate the wave vector mismatch Ak(wy,wp — wp; 1)

by its partial derivatives at the point of degenerate down conversion

dAk 11
D=--—"—" = — — — =-349.71 1072 (4.23)
de wH=wo,wp=2wo,T=TpH UH vy
dAk
= — =196.17 (4.24)
dr wH=wo,wp=2wo,T'=Th
dAk
D, = — = 722.24 10712 (4.25)
de wWH=w0,wp=2wo,T'=Tp

KTiOPOy has a lattice parameter of ~ 1nm, so this deviation corresponds to 23 crystallographic

layers.
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Ak(wn,wp —wh,T) = —D(wn — wo) + Dr(T' — Tp) + Dy, (wp — 2wp) (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 Lo with a focal length of fo = 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
(Schafter+Kirchhoff 60SMS-1-0-A3.1-02) with a focal length of f3 = 3.1 mm is used to
thread the photons into a polarization maintaining single-mode optical fiber (PM780-
HP) with a numerical aperture of NA = 0.12rad® (mode field diameter MFD = 5.3 ym
@ 850nm). This results in a collection waist in the center of the crystal of 34 um. An
additional interference filter (Semrock LL01-810) was placed in front of the coupler to

minimize stray light within the fiber.

s " Figure 4.5 Transmission of the in-

i \ tegrated interference filter (Semrock

75 LL01-810). The polynomial interpolation

o " (black line) of the measured transmission
% oy e =055 \ (black dots) has a full width ha.lf maximum
g My = 3nm  ? of AApwum = 3nm. In comparison, the ex-

pected spectrum of the down conversion (see
Equations 4.7 and 4.26) with much smaller
FWHM (AMpwam = 0.55nm) is plotted in
blue.

25

-~ an

806 gos 810 812 814
A[nm]

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 (< —40dB @

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

$The numerical aperture NA = 1224#% 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
rs5%(2) = 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 l/e2 = 13.5%. Therefore, 759 is larger than the waist

rso(2) = 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.

Core Fast axis

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 “—_‘ﬂw axis

mechanical stress on the core, causing stress-induced bire-

fringence Anpyr = Nglow — Nfast -

Stress elements Cladding

According to the data sheet, the PMF wused has a nominal birefringence of
ANPME = Nglow — Nast = 3.5 1074, With a fiber length of Lpyr = 1.3 m, a temporal
delay between the two modes of

Lpnr Anpur

oM & S = 152ps (4.27)

is expected. The temporal walk-off generated in the ppKTP crystal can be cal-
culated with the length L = 1cm and the difference of the inverse group velocities
D =-0.3510""

Toff = % = —1.75ps. (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:YVO, 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:YVOy crystal at room temperature (7" = 23°C) and a wavelength of 810 nm results
in Dyvo = 8.03 10~'2. Thus, using a Nd:YVOy, crystal with a length of Lyvo = 0.3 mm

results in a temporal delay of

TYVO — LYVODYVO = 024 Ps, (429)

which finally compensates for the walk-off between the signal and idler photons.
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The thickness of the Nd:YVOy plates has a manufacturing tolerance of £30 yum. 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:

)

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
A =810nm £ 1 nm has to be used.

Adjust the mirror M3 such that the light from the alignment laser passes through
the crystal.

A short focal length lens (f ~ 5cm) can be inserted between the laser and L;.
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.

The pump laser should be visible as a point on the camera if the exposure time

is set correctly. Use the first mirror M; and aim the laser at the marked spot.

Due to the back reflection of the crystal surface, a spot should be visible on the
back of the pinhole. With the second mirror Ms, this spot is set to the center of
the pinhole.

Repeat the last two steps until both spots are in the correct position.

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. My 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 27.5 mW, we measured a total coincidence count
rate of R, = 191 kcps, of which about Ra.. = 3kcps were accidental coincidences. For
each polarization, a detection event rate of Ry ~ Ry ~ 951 kcps was recorded. Both
count rates where measured with a photon detection efficiency of np = 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 ny,, which

can be calculated by the coincidence-to-singles ratio

= e Tlace) _ o (4.30)
Ry

The singles count rates Ry ~ Ry & npnanc, coincidence count rates R, x n]%nin%,
and thus also the heralding efficiency 1, = npnanc, depend on the detection efficiency
7D, the transmission probability trough the analyzer na, and the coupling efficiency of
downconverted photons into the PMF nc. If the loss in the analyzer is neglected, the

coupling efficiency of the source results in

ne = B —0.31 (4.31)

D

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 £ 0.20nm/°C, which agrees very well with the value of + 0.19nm/°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 Apwy = 0.76 nm which is wider than the theoretically predicted
value of Apwy = 0.55nm. 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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T=374°C
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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
Adpwam = 0.76 nm. In comparison, the expected spectrum of the down conversion (see
Equations 4.7 and 4.26) with a FWHM of AApwpuym = 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).

PMF HWP - Figure 4.8 Arrangement of the detection
et B H G ﬂs module, as used to measure the temperature depen-
APD; dence of the HOM dip visibility. The HWP is rotated

:’: by an angle 8 = %, resulting in photon bunching at

£ APDg 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 5 = 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 R;(0). However, such setup mixes horizontal and vertical polarization modes if the
half-wave plate is rotated by an angle § = . 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 Ry, = Rc(%) = 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 Rpax = R.(0)/2 is expected. The visibility of
such a Hong-Ou-Mandel dip is given by

Rmax — Rmin

VHOoM = R (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 Gg())M integrated over the range of the
detectors resolving time. For the detectors used, the resolving time is of the order of
1ns and is thus much larger than L D = 3.5 ps. Consequently, we can extend the range

of the integral to o0 in good approximation

Pcoc/ / dtydtaG) (t, to)

x / / dtydts (Ia,| EL(t1) EL (t2) Er (t2) Ex(t1) Tas) (4.33)
—0oQ —00

Er(t) = cos(28) Eul(z,t) + sin(28) Ey(z,t) (4.34)

~ ~ ~

ER(t) = cos(28) Ev(z,t) —sin(28) Ey(z,t) (4.35)

tx)

where Ejr(t) and E’;&(t) denote the field operators in the transmitted and reflected
output mode of the PBS, respectively. The biphoton state |IIa,) and the operators
EH /EV 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
wp = 2wp, = 5 and A7 = 0, the coincidence probability results in

PAT) ~ = (1 — sinc(LDp(T — Tp))) , (4.36)

| =

which leads to a temperature-dependent visibility of

=

(1)

D=

Viaoum(T) = Vo =V sinc(LDp(T — Ty)), (4.37)

1
2

where L is the length of the crystal and D is defined in Equation 4.25. The pa-
rameter V) 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 Tp = 37.150°C £ 0.003 °C and a visibility of Vy = 97.54 + 0.09. Furthermore, this
measurement shows that a temperature variation of +0.1°C/40.01°C corresponds to
a visibility loss of £0.66%/40.01%, respectively. A similar calculation shows that the
pump beam wavelength must be in a range of 405 4+ 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-
T[°C] tal temperate 7. The measure-

36.55 36.75 36.95 37.15 3735 3755 37.75 .
. R ments (red dots) are fitted with a

function as in Equation 4.37 (black

100~
97.5

95
line). The fitting results in a temper-

ature Ty = 37.150°C £ 0.003°C and a
visibility of Vo = 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

90

Vraowm [%]

85

80

75"

06 -04 -02 00 02 04 06 . .
AT [°C] the shot noise of the count rate with

an integration time of one second.

A relative delay A7 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 /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 At
can be changed via mirror M7, which is mounted on a translation stage. The half-wave
plate in port E is rotated by an angle 5 = 7/8. So if A7 = 0, both photons will bunch

into the same output mode of the second PBS.

My Figure 4.10 Michelson interferome-

QWP ter as used for the HOM dip measurement.
- \'%VP ons One photon per pair is transmitted by the

H— |;| —G'E]E first PBS, and the other is reflected. The
M, A CL E APD; polarization of the photons 1s.rotated by the
QWPs so that both end up in port E. The

'El'l-'ll APDg HWP @ % ensures bunching on the second
Q PMF PBS.

In such an experiment, the probability of detecting coincident events is given by
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(see Equation A.15 with wy, = 2wp, 8 = § and T' = Tp)

if % < |AT|

P(AT) = (4.38)

Nl—= N

1 _ |A1] ;
— VaoMm (5 — L‘D|> otherwise.

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 Vionm = 93.4 + 0.3 and the
parameter L' |D’| = (3.49 +0.1) 107!, which can be used to calculate the coherence
time L'|D’| /2 = 1.745 + 0.005 ps, coherence length cL’|D’| /2 = 523 + 1 um, and the
spectral width A pwuy = 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  Vgom =93.4+£0.3
and the parameter
L'|D'| = (3.49 £0.1) 10712,

which can be wused to cal- 0.25

Pc [a.u]

culate  the coherence  time
teon = 1.745 £ 0.005 ps, coherence
length l.on = 523 £ 1 um, and the
0.00

spectral width 0.555 + 0.002 nm -1500 -1000  -500 0 500 1000 1500
Ax [um]

of the photons. The error bars
correspond to the shot noise of
the count rate with an integration

one second.

(41.39) 2nc
L'|D’| wg

TANrwIM =
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5 Entanglement in Accelerated Reference

Frames

The content of this chapter is based on the publication “Experimental test of photonic

cntanglement in aceclerated 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
0.03g in a drop tower to up to 30g 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 (HxWxD) 45 x 54 x 37 cm and weighing a total of 45kg. (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 ~ 100 W. 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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5.2 Experimental Setup

Figure 5.1 Sketch of the
crate: Autarkic experiment,
which generates and verifies
polarization entangled states,
housed in a rigid three-level
crate  measuring (HxWxD)
45 x 54 x 37cm and weighing
a total of 45kg. 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.

PMF\ __ =t =~
“I' > = Ay PMF3V,PMF |Vac)

PMF\ B Loy = Lo/ =
‘\I’ > — E (aH,T + aL,R) E (aI/’T + aI/,R) |VaC>
1/ PO 1 /4 PUTN
=5 (ahTa{,’T + aL,P@i/,R) |Vac) + 3 (aL’Ta{AR + aL’Rai,’T> |Vac)

(5.1)

Post-selecting events with one photon in each mode yields a polarization-entangled
state [62]

1
V2

where ¢ describes a polarization dependent phase difference between path T and

@) ([Hr, VR) + e V1, Hr)), (5-2)

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 ¢ = 7 using
a quarter-, half- and quarter-wave plate combination in path R. Thus, the rotationally

invariant state |U™) (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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BS PBS
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e APD,

HWP ‘P
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'CMOS APDsb [Detection module]

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 |¥~) 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 (APDy, APDy, APDs3, and
APDy) 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 10 us.
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

_ Nig+ Nos— Nizg— Noy

Vex = ;
B Nis+ Noz+ N3+ Noy

(5.3)

where Ny, denotes the detected number of coincidences between detector x and
y. The uncertainty of the count rate can be estimated via /Ny y, assuming Poisson

noise of Nyy. The standard deviation of the visibility is derived via propagation of
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N1 N2 N3 N4
HV || 40k | 39k | 39k | 41 k
DA || 41k | 35k | 39k | 38k

Nig | Nao3 | Nis | Noa | Ni2 | N3a Vex %] | ov [%]
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 Ny, Na,
N3, and Ny, while Ny , denotes the detected number of coincidences between detector x
and y. Visibility is calculated using Equation 5.3, and the corresponding oy is estimated

assuming Poisson statistics of the count rates.

uncertainty which results in

B (Ni,4+ Na3)(Ni3+ Noa)
oy =2 . (5.4)
(Nia+ Nog+ Nis+ Nog)

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- Vv — Vpa = —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]

~ — 1 1
Fo- = (U |pexpl¥7) > F3L = oWy +Vpa) = 5(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 = 19.6 m
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 > y %
was used to cushion deceleration phase 3
on ground. Revised version of Figure 2 —
. w
in [59). 3

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 £ 0.1 m 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+0.1s
and had an impact velocity of approx. 60km/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 & 0.1s 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 Vigy = 97.3+£0.1 % and Vpa = 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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h [cm]

v~60 km/h

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. 60km/h.
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Figure 5.5 Visibility and acceleration vs. time during the drop tower exper-
iments. The time-averaged visibility values (horizontal lines) are Vyy = 97.3% and
Vpa = 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 (30). 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 in motion
screwed to one of the gondolas, which
has a distance of approx. 3m to the ro- )
tational axis. The gondolas swivel out- 0.3m "’

wards in motion, thus the centrifugal gs
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- Frame of reference

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 230 V 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 37kg 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 5g. 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 « as measured by
the CMOS sensor, along with the averaged single count rates Rg (sum of all detectors)
and coincidence count rates Rc (sum over all detector combinations). The measured
angle « is small compared to the NA = 120 mrad 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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E & ! { i t t Figure 5.7 Angular deviation of the pump
3 o { beam «a vs. acceleration as measured by the
iy CMOS sensor. The pixel size of the sensor is
_ 190 | 5.2 pm, and the lens used as objective had a focus
g 185 . ' length of 5cm. The given angles o are based on
& 180 . 4 s a Gaussian fit of the intensity distributions mea-
1 sured by the sensor. The measured misalignment
] 02 ¢« v 4o g of the pump beam correlates with the averaged
E 0.1 foe 20 £ detected count rates Rg (sum of all single detec-
¢ 00 - A A B 0 8 tion events) and R¢ (sum of coincident events be-
0 5 10 15 20 25 30 tween all detector combinations).

Acceleration [g]

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).
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Acceleration [9]
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Figure 5.8 Visibility and acceleration vs. time during the centrifuge experiment.
The time-averaged visibility values (horizontal lines) are Vgyv = 98.3% and Vpa =
94.8%. The visibility was calculated every 2s (circles for HV and triangles for DA),
the corresponding error bars indicate the expected uncertainty due to the Poissonian
statistics of the count rates (30). The drop in visibility at 15 g is due to the effective
cooling of the crystal. The expected variation of Vps 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 (Ah = 29.5cm), 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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15g 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 30g, 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 — Vv — Vpa
can be calculated from the data collected at the respective acceleration. These values

are summarized in Figure 5.9.
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Figure 5.9 Entanglement witness W (fidelity f}l\,/[,) vs. acceleration : The right
axis of the graph shows the estimated lower bound on Bell-state fidelity Fol = (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 (30). The
expected variation of W (.7:\11\,/1,) 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 4 0.004 is well below the minimum for
separable states (Wgep > 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 Fy. = (Vav + Vba)/2 = (1 —W)/2 can be calculated.
The temperature of the SPDC-crystal significantly affects the visibility Vpa 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 30g.

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 10 us
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 Nrpy = 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 2 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 ¢g(Q2) 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 d¢ /02 as
well as the minimum phase resolution A¢. The phase response 9¢/9§) = S o A /A, or
scale factor .S, is proportional to the area A enclosed by the counter propagating waves
and inverse proportionality to the wavelength A 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

*Matthias Fink, Fabian Steinlechner, Johannes Handsteiner, Jonathan P Dowling, Thomas Scheidl,
Rupert Ursin, Entanglement-enhanced optical gyvroscope. New Journal of Physics 21, 053010 (2019).
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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 7 follows a Poissonian distribution and thus varies — without
phase change — with AM = /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 A¢ > Aggny, = 1/ VM 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
A/N, where A 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, A

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 A¢noon = 1/ VNM [39]. This entanglement-enhanced phase precision is
smaller by a factor 1/v/N than the SNL A¢gny, = 1/v/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 A¢yr, = 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.

photodiode

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 €2, a phase shift ¢g o< QA
between counter propagating waves is accumulated. The effective area enclosed by
the light path in a fiber coil An = Ny 712 = % depends on the number of windings
Nw = L/(27r). 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

69



Entanglement-Enhanced Optical Gyroscope

difference At(2) =tT — ¢t~ of the counter propagating waves can be calculated as

o 4 Ay Q) 2L Q
At = L _ . 1
He) v;“h Uoh A(1—=1r2Q2/c?)  2(1—1r2Q2/c?) (6.1)

The superscript + or — indicates a propagation of the light in or against the direction
of rotation, respectively. The path lengths I* = L + rQt* of the counter-propagating

waves differ because of the movement of the BS during the propagation of the light.
c/n+rQ

1+e/nrQ/c?:

It is worth mentioning that the resulting time difference A¢(2) is independent of the

The phase velocities are different due to relativistic velocity addition v;th =

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’.

202 2L Q
AP(Q) = /1 - 55 Ar@) = L (6.2)
c 2\/1—1r2Q2/c?

The measured phase difference of the counter propagating waves can be calculated

via Equation 6.3 with the wavelength of the source ' in the frame of reference K’.

2w ¢ 47 L r Q)
=(Q) = At (Q) = 6.3
L N U 63

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 Paradoxr” by Ghosal et al. [76]. At low angular velocities
\/m ~ 1, however, Equation 6.3 can be approximated by

41 L
@my:”crgzsm (6.4)
with the scale factor
4 L r
S = o (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 » = 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

Wi-Fi antenna

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 I1
quasi-phase matching configuration at a wavelength of A = 810nm. For the following
experiments we used a pump power of 27.5 mW (laser diode current of 60 mA without
ND-filter). At the output of the PMF we measured a single-photon count rate of
Ry ~ Ry ~ 951 keps for each polarization, of which R, = 191kcps 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.

‘\I/PMF

The two-photon state > 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 (A = 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].

Hand V.

1
V2

In such state, either both photons are polarized horizontally or vertically. Addi-

HWP
|OPMEY = |15, 1v) —— [1p, 1a) = —=(|2u, 0v) — |0m, 2v)) (6.6)

tionally, for providing reference measurements with single photons, a one-photon state
|15, 0y) could be generated by inserting a horizontally oriented polarizer P directly
after the PMF. Subsequently, the HWP rotates the polarization of the photon to anti-

diagonal.

- HWP 1
PPMFY = (15, 0v) 2% 05, 10) = —= (111, 0v) — [0m, 1v)) . (6.7)

V2
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 (O) and reflect in a counterclockwise (O)
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direction through the single-mode fiber. Thus, the state coupled to the SMF can be

denoted in a generalized form

1
V2

with N being either 1 or 2 in case of a measurement with or without the polarizer,

|0 = —= (|No, 0cs) — |00, Nis)) (6.8)

respectively. In the fiber, the photons undergo a relative phase shift which is described
by the operator U (¢) = eilN ¢ whereby N=33 represents the photon number opera-

tor. Consequently, the state at the output of the fiber can be written as
jweuty = U i) = i(yNO,O@ — etN@s(@+d0) 10 N,)). (6.9)

V2

where ¢y 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 O and O convert to polarization modes H and V,

respectively.

1 .
vt = 75(1Nir, 0v) — NS00 joy, N, (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 APD; (APD») is indicated
by P (P).

2= (1,080 = s (5 (05060 + 0n) )
(6.11)
P, = |{op, 1A)wd>\2 = cos? (; (s(2) + ¢0)>

Since we assumed ideal conditions when deriving |\I/d> (e.g., perfect transmission,
no background, ideal input state }\IIPMF>), the probabilities P; and P, 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

Pra = [{1p, 14| 0)" = cos? (65(9) + 60) (612)
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With the detectors used, the cases where both photons end up at the same APD

P = [(20,08|w9)[" =  sin? (95() + )

(6.13)
Py = \<0D,2A)wd>\2 - %sin2 (¢3(2) + o)

cannot be distinguished from single events present in the experiment. However, as
2 increases, the probability P o and thus the count rate Ry—o oc P2 oscillate faster

than Ry—1 o< P». 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 = 0 to 2 = 5.6 rad/s,
resulting in a full 27 phase shift according to Equation 6.10. For each setting of €2 we
accumulated data for a total of ~ 19 s and evaluated the one-photon (two-photon) count
rates Ry—1 (Ry=2) with an integration time 7 = 5ms (7o = 20 ms), 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 Ry—1 of APDy during the first measurement run, whereas Figure 6.4(bottom)
shows the two-photon coincidence count rate Ry—9 between APD; and APDs obtained
in the second measurement run.

A comparison of the two graphs clearly shows the increased fringe oscillation fre-

quency of Ry—s. The data of both measurements is fitted with the function

N
with N € {1,2} and the fit parameters My, By, Sy and ¢on, wheres My denotes

the total number of photons detected per integration time 7, in the respective photon

RN(Q) = 2 cos? (J;[ (SN Q4+ ¢ON)) + By (6.14)

state. The amplitude in Figure 6.4(top) is about twice as large as in Figure 6.4(bottom),
but My is approximately the same for both measurement runs (~ 2000). The scaling
factor Sy 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 ¢pgy was set to ~ 7/2 =
1.57 using the fiber-polarization-controller. The background By 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 2: The red (blue) dots in the top
(bottom) graph indicate the detected number of single- (two-) photon counts Ry—;
(Ry=2) per 71 = 5ms (12 = 20ms). The plotted measurement series consists of 64,688
(16,204) individual measurements of Ry—1 (Ry=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 (bON
N=1]1955+1]63+1 ] 1.09179 + (0.09 x 1073) | 1.6767 = (0.23 x 10~3)
N=2|1956+1]49+1 [ 1.08903 £ (0.15 x 1073) | 1.6629+)0.47 x 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 2 = 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 Q = 0. The red (blue) graph corresponds to the first (second) measurement run

with Q@ = 0. The gray bars represent a Poisson distribution with a mean value of
M; = 956 (M = 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 /M7 (v/Ms) 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 {2 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

Figure 6.6 Coincidences
Ry—2 and angular velocity ()
vs. time: The angular velocity 2
varies in time and was measured
with a commercial gyroscope
(black solid line). The blue dots
indicate the coincidence count
rate Ry—2, with integration time
of 20 ms. The period of the varia-
tion corresponds to the duration
of one completion revolution
(1.8s). Revised version of Figure
3 in [64].
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6.4 Precision Beyond the Shot-Noise Limit

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
A¢ > Apsnr, = 1/v/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 A¢yr, = 1/M, which retains its validity for arbitrary photon states. With
quantum devices one may exhibit sub-SNL phase sensitivity A¢np, < A¢ < APsNL.

We are interested in the precision of the rotational velocity, which is proportional to
the phase shift caused by the Sagnac effect AQ x Agpg (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 g, we use the inverse function of
Equation 6.14.

1

N - B
Qp(Ry) = e 2/N cos™* N(Rv = By)

M — doN (6.15)

The uncertainty in the measured velocity attributed to the Poisson distribu-
tion of Ry (see Figure 6.5) can be estimated via propagation of uncertainty
AQp(Ry) = |00g/0RN|VRy. Usually, gyroscopes are operated at the point of best
precision, which is called bias point. The expected count rate at such point R%as can

be calculated by minimizing AQg(Ry) as a function of Ry, resulting in

RY™ = /By (Mn/N + By)
= /R RN (6.16)
with
RN™ = By
RN = My/N + By.

That ¢on can be set such that R%ias corresponds to any € of interest. The precision

at the bias point is given by

1

SN\/NMN\/l +2N/My (BN — /By (My/N + BN))

_ ! (6.17)

Sy /RN + R — 2R

AQp(RR™) =
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In the limit of zero background Equation 6.17 yields

lim AQBES — 1/(Sy/MyN), (6.18)

which represents with NV = 1 the SNL of the measurement system. Using the fit

parameters of Table 6.1, results in a limit of AQSN = 0.0207rad/s. By using NOON

states one expects improved precision which decreases towards the Heisenberg limit
limppry AQSNE = AQHL = 1/(Sy M) = 469 x 10~6rad/s .

The precision at the bias point of the first measurement run can be estimated
with Equation 6.17 and yields a value of AQp(RP®) = 0.02478rad/s. This value
is slightly worse than AQSNY mainly because of the background. In the case of the
second measurement run, Equation 6.17 yields AQg(R5®) = 0.01832rad/s, which is
an improvement in precision over the first measurement as well as against AQSNE. This
estimation of AQ2 based on the fit parameters thus confirms sub-SNL precision of the

second measurement run.

AQSNL AQp(RR8s) AQHL
N=1 A 0.0248 >

0.0207 469 x 106
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 Ang, is estimated via

fit parameters of Table 6.1. AQSNL = 1/(Sv/M), and AQHL = 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 Qg (RYy).
Those values deviate from the reference value €2, as measured with an commercial gyro
sensor. These residuals (Qp(RY) — Q) are approximately normally distributed with
a standard deviation A (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 1.7 urad/s and therefore one
order of magnitude smaller than the expected value of our device. We estimated A2
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 AQuin 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

i accuracy - Qp(Ry) — Q. The data used for the
10.0p histogram are from the second measure-
S ment run and the block with the small-
> T s . . . .
:é L precision est precision measured (enlarged in Figure
g %0 6.8(bottom)). This data set has a preci-
o L
250 sion of 0.0189+0.0004 rad /s and an accuracy
s (systematic errors) of 0.0097 £0.0007 rad/s.
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Figure 6.8 Measured precision A} vs. rotational velocity . The absolute
values of the residuals |Qg(RY) — Q| 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
AQSNE The uncertainty estimated via AQg(Ry(Q)) 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 AQSNL / V2 = 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 AQSNE thus demonstrating sub-SNL precision.

AQSNL AQmin AQp(RE8s) AQHL
N=1 ¥ 0.0250 £ 0.0002 0.0248 >

0.0207 469 x 106
N=2 > 0.0189 + 0.0004 0.0183 >

Table 6.3 Comparison of the measurement precision achieved with M = 1955

photons detected on average. A),in denotes the best precision of the respective measure-

ment run (enlarged in Figure 6.8). The precision at the bias point AQE, | is estimated

via fit parameters of Table 6.1.AQSNY = 1/(Sv/M) and AQHE = 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 7 (including detection efficiency). The key point of this strategy is to adjust
the photon number N of a NOON state to N < 1/(1 —n). Thus, the inequality

1
11— — 1
n>1- (6.19)

indicates whether a NOON state consisting of IV 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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Source | Interferometer | Detection || Total

n | 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 My and consider shot noise of the count rate, the transmissivity of
the single-mode-fiber ngmr, as well as the transmissivity of the remaining setup ng
(including detection efficiency). Thus, a number of M = Mg(no nsmr(A, L))V detected
photons is expected. In the limit of zero background, Equation 6.17 yields a precision

of

1

Snv/NMo(no nsme (A, L)V
Ac

 ArLR\/NMqy(ny 10-¢) 10T )N
with the attenuation coefficient of the optical fiber c(A) expressed in units of dB/km.

AQRS(L,N) =

(6.20)

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
A = 1550 nm, the attenuation coefficient « is about 0.18 dB/km [93]. Figure 6.9 shows
the precision AQPIS(L, 1) and AQPIS(L, 2) for such wavelength as a function of L for
both 79 = 1 (solid lines) and 79 = 0.6 (dashed lines).
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Figure 6.9 Precision vs. fiber length L (A = 1550nm): The precision
AQBES(L N = 1) and AQB#(L, N = 2) for 9 = 1 (solid lines) and 79 = 0.6 (dashed
lines) are calculated by Equation 6.20 with R = 0.1 m, A = 1550 nm, « = 0.18 dB/km
and My = 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 7.

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 LOPY(\, N) =
Wﬁ(m which results in 49.6 km with A = 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

10 log <n0 %)
a() log(10)

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(ng,N). This statement is

equivalent’ to Equation 6.19 with n = 7y ngymp. Thus, if the transmissivity 79 is less

Lx(no, N) =

(6.21)

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]

A 622
-6\ 4
QRay(A) = 1.7 <0-85>/<\10>

_ 48x10”6
X

arr(\) =6x 10" e

with the attenuation coefficients arqy and ajr attributed to the Rayleigh scat-
tering and infrared absorption within the fiber, respectively. Figure 6.10 shows
the precision calculated with the optimized wavelength AQBS(L, 1, APY(L, 1)) and
AQBIs (1,2 \OPY(L, 2)) as a function of the fiber length for both 79 = 1 (solid lines)
and 1o = 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 V > 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.

ia 2
tAQFS L N-D\" _  NmonsurOLDY N
( RO (L) ) = W=D no nonar L ¥=T = §-1 (0 mswr (A, L)) > 1
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Figure 6.10 Precision vs. fiber length L with optimized wavelength: The
precision AQBI#S(L N = 1, \OPY(L, N = 1)) and AQB*S(L, N = 2, \OPY (L, N = 2)) for
no = 1 (no = 0.8) are represented by solid lines (dashed lines). The wavelength A°Pt is
indicated by the color of the lines. The precision is numerically calculated with R = 0.1
m, My = 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 7.

For L << LOP* and thus short optimal wavelengths, the attenuation coefficient can
be approximated by the contribution of Rayleigh scattering a(A\) ~ agqy(A). Since the
optimum wavelength in this range is XOpt(L, N) x Vv/L N, the ratio of the precision
achieved with N and (N — 1) photon states given by

AQBES(L, N — 1, \OPt (L, N — 1))
AQBIas(L, N, XOPt(L, N))

N
_ o 6.23
RV ara] (6.23)

is independent of the fiber length. This equation represents the precision gain
achieved, in an optimized FOG with practical fiber length (L << LOP), by using an
N-photon state versus an (N — 1)-state. If only the fiber loss of such a device is taken
into account (ny = 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

1
<3/1—-—=. 6.24
0 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 7 is less than

1
Vol 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 Ry—o with respect to the single photon count rate Ry—1,
referred to as super-resolution, is illustrated in Figure 6.4. The fringe period is reduced
by a factor of S2/(351) = 1.995 + (0.4 x 1073). 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 Ar. 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 AQ,i, (see Table 6.3) that
is somewhat worse than the theoretically predicted limit AQSNE/\/2 = 0.0146rad/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 AQSNE,
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. 20 W, which corresponds to a rate of 156 x 102 photons per second (at
A = 1550nm). In contrast, the detected photon rate of the NOON state is 100 x 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
No, we found an optimal configuration for FOGs that favors the use of one-photon states

(L = 49.6km, A = 1550nm 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 1 (without fiber loss) is less than % Thus, the best precision of optimized
FOGs with limited fiber length is also achieved with one-photon states (N = 1) if
no < 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
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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 A = 810nm (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

|WPMEY = 14, 1y) converts to

1 1
0) =5 [Pan) +5 e \‘Pb,b>+ﬁ!‘lfa,b> (7.1)
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with

Wan) =35 3.y [Vac) (7.2a)

Wyp,) = aLHab v [Vac) (7.2b)
Loy o —ig

|\I/a,b> = ﬁ ( ;Halv +e aJ{) Haav,> |Vac) (7.2¢)

where ¢ 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 %, 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 ¢ was set to m 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
(APD,1, APD,2, APDyy, APDy2). Rotating the polarization of a photon in mode x,

by means of a half-wave plate is described by the creation operator relation

A)T(H WP, cos(20y) 2 i T sin(20« )al WV (7.3a)
Alv HWP, cos(26x) a al wv — sin(26x) ch’ (7.3b)
(7.3c)

with 6 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

> HWP & PBS

~ 1 N~
|1 cos(46y,) aLlaLQ |Vac) + 58111(4(910) ( Lza;r)z aLlaLJ |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 6}, = 7/8 results in a zero probability
of detecting one photon in each mode Py pa(6h,) = cos?(46),). 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 A7 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

P a0, A7) = cos”(40) + 1 sin?(46;) AT feon AT < eon o)
1 teoh < |AT|.

From Equation 7.5 we find a random splitting of the photon pair Py po(7/8, AT >
tecon) = 1/2 for temporal delays larger than the coherence time of the individual photons
teoh = 1.745+£0.005 ps (see Section 4.3.3). Measurements with a neutral HWP position
O, = 0 (HV basis) are unaffected by temporal delays Py; p2(0, A7) = 1, as long as the
coincidence window t.,; = 2ns is longer than the delay Ar.

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 (o; = 350 ps™), using a coincidence window
significantly smaller than t.,; = 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 =
0.13rad). The divergent beam from the fiber is colliemiated by a lens (f.o] = 18.4 mm)
and magnified (Mpy = 11.2) by a refractor consisting of two lenses (f; = 25mm,
fo =280mm, @3 = 70mm). Thus, the beam waist emitted by this telescope is wry =
22 mm, with a negligible divergence of © = 0.012 urad (half angle). The photons from
the source (A = 810 nm) are additionally overlapped with an beacon laser (A ~ 532nm)
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)
fAugasse 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 400 mm {/2.8) at BOKU collects SPDC photons
(A = 810nm) and light from an beacon laser (A ~ 532nm) 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 (APDy1, APDys) is framed in black.

The receiver telescope consists of a telephoto objective (Nikkor 400 mm /2.8, fyik =
400 mm @ik = 142mm) and an additional collimation lens (f = 25 mm), resulting in
a refractor with a magnification of Mry = 16. Thus, the maximal diameter of the
collimated beam within the Rx module is @gy = 9mm. The two sent wavelengths are
separated by a dichroic mirror, where the green light of the beacon laser is transmitted
and subsequently focused (feam = 40mm) on a CMOS camera (pixel size 5.2 ym), while
the photons from SPDC are guided to the detection module. The quantum signal is
focused (fapp = 50mm) on APDs with an active area of @app = 180 um 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 = @app/fapp/Mrx = 255 urad (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 15.4 um

(FWHM) at the sensor, which corresponds to an AoA of 25 urad and an atmospheric
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Fried parameter of approximately A\/AoApwpm ~ 2cm (~ 3cm) at a wavelength of
532nm (810nm). Such turbulences resemble those of a 144km 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 7y 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

Ry(0) = 5 f(Bx,m) R (7.6a)
Rat.a2(0a) = 7731477&2 s2(40,) R (7.6b)
Ripa(0y) = L2 cos? (46, R (7.6¢)
Ratpa (0, 05) = 12 cos® (2(6, — 64) R (7.6)
Ra1 o1 (60, 05) = 2L sin®(2(6, — 6,))R (7.6¢)
Raz,p2(6, 00) = 1212 sin®(2(6, — 6)) R (7.6t)
Rao11(0a,0,) = na?fbl (:052(2(9a —6y))R, (7.6g)

where R is the pair production rate of the source, Ry is the background subtracted
rate of detection events, and Ry, denotes the accidental corrected coincidence count
rate between detectors (x,y) € {al, a2, bl, b2}. The oscillation frequency with respect
to the HWP rotation 6, 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 |1pm, 1bv) = 1/v2(126p,0pa) — |ObD, 2b4)). It is also worth mentioning that
if two photons hit the same detector at the same time (Rxyx), 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

FOem) =1 — % sin2(46y). (7.7)

The total transmission of Alice’s channels was stable due to laboratory conditions

and could therefore be measured in advance.

Ral aQ(O)

al = 2————~= =0.169 £ 0.001 7.8
Ral aQ(O)

a2 = 2——————= =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.

_ 2 Ral,bl f(0a7 77a1) + 2 RaQ,bl f(eeu 77a2)

7.9
Mb1 Ray R.o (7.98)
D = 2 Ral,bQ f(eaynal) + 2 R327b2 f(ea,na2)7 (7.9b)
R Rao

With these values the normalized count rate of Bob’s local coincidences can be

calculated as

4
RN ,o=——R 7.10
bLb2 = R b1,b2 (7.10)

with

o Ral + Ra2
Tlal f(@a, nal) Na2 f(eaa 77a2)

being the estimated photon pair production rate of the source.

(7.11)

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]:

e 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.”
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e 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 t¢; of the mea-
sured count rate. However, the signal is attenuated on average by the factor of tg,q/11,
where tg,iq is the time period within ¢; 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

/
Rix(0y) = %f (Ob; Naet i) R (7.12a)
/ /
Ry1b2(6h) = W cos®(46,)R (7.12b)

where nget = 1 — tgaiq/t1 describes the deterministic transmission probability of the
free-space link and nj € {n],,n,} 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 (71 = 7det 15 b2 = Ndet )
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
Mb17b2 R

Tldet =

 4Rp112(0) (719

7.3 Results

7.3.1 Setup Performance

A measurement with a neutral HWP position revealed a mean photon rate of R,1(0) =

421 keps (Ra2(0) = 402keps) at Alice’s detectors, including negligible dark counts (~

100cps). From these events an average of Ra1.2(0) = 34.1keps accidental corrected
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coincidences were observed. A comparative measurement in the DA basis resulted
in a coincidence count rate of Ra1.2(m/8) = 159 cps, subtracting 300 cps accidentals.
From these measurements we can conclude that the visibility of undisturbed HOM

interference was

Ral,a2 (O) - Ral,a? (7T/8)
Ral,aZ (O) + Ral,a? (7’[’/8)

During night-time operation the background counts at the receiver were approxi-

Vo =

=99.1+0.1% (7.14)

mately Rfl ~ 800 cps and Rfl ~ 500 cps, including 250 cps and 70 cps intrinsic detector
dark counts. The background varied widely and was in the range of Rfl ~ 21.5keps
and RP ~ 18.5keps 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 Rp;(0) = 87keps (Rp2(0) =
103 keps) was observed before astronomical dawn. Due to atmospheric turbulence, the
total transmission of Bob’s channels varied around mean values of 7j,,; = 3.5% and
Ty = 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).

Figure 7.3 Overall transmis-

sion of Bob’s channels vs.
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per data point of this diagram is
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A histogram of the transmission probability of two-photon states 4Ry p2(0)/R, as
measured with neutral HWP position, is shown in Figure 7.4 (blue). In comparison,
the quantity 7,172 determined from count rates in Equation 7.9 is plotted in gray.
The ratio of these quantities corresponds to the deterministic transmission probability
Ndaet (see Equation 7.13). However, no significant deviation can be detected from the
histograms. The long-term mean 74, = 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 R{)Vl b caused by fading of the beam can be excluded.
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7.3.2 HOM Interference

We performed five measurements in the DA basis, applying different relative delays At
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 t.on = 1.75 ps — was realized by means of birefringent crystals. For this purpose
we used a calcite plate with a thickness of 3 mm and a 1 mm-thick Nd:YVOy plate, which
corresponds to propagation time delays between ordinary and extraordinary modes of
ATeale = 1.8 ps [105] and ATy = 0.8 ps [58], respectively. Thus, by turning the plates
by 90°, two measurement settings per plate, corresponding to +A7 where observed.
The fifth measurement was carried out without temporal delay (A7 = 0). In addition,
three measurements in the HV basis were performed for reference, providing count
rates unaffected by Ar. Each setting was recorded for ~ 300s, and the normalized
coincidence count rate R]]DVLM 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 oc Py p2(g, AT)
(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
1.2km free-space link. Normalized coincidence count rate R{)\’Lbz measured with dif-
ferent relative delays A7. The circles e (triangles a) indicate the mean values of the HV
(DA) basis measurements. The expected count rate due to the coincidence probability
Pi1,b2(0p, AT) (see Equation 7.5) is plotted in red. The error bars indicate the sample
standard deviation of ~ 300 measurements with 1s 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 W}, = 98.6 0.7 %.

out based on them. However, the measurement without intentional delay (AT = 0)
reveals HOM interference of the photon pairs, exposed to the 1.2km-long free-space

link, with a visibility of

v Rkj}fl,bQ(O) - R{)Vl,bz(W/S)
b p—
Rk]}fl,b2(0) + Rtj)vl,bQ(W/g)

= 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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A7 [ps] | Ry (0, A7) [%] | Riypa(5, A7) [%] | Poape(5, A7) [%)
-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 ngl,bZ as depicted in Fig-
ure 7.5. The normalized count rate was recorded for ~ 300s 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 \/ﬁ ~ 17 times greater
than the specified error and, in this case, more representative for the deviation from the

coincidence probability Py 12(0, A7) (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
Vp = 98.6 & 0.7% after free-space transmission which is comparable to the visibil-
ity measured in a laboratory environment V, = 99.1 + 0.1 %. This demonstrates, the
unimpaired of second-order interference by a free-space channel with a Fried parameter
of approximately 3cm (at A = 810nm). 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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7.4 Conclusion

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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Summary and Outlook

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
150g. 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 4.7s) 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 w, generates a horizontally
polarized signal and vertically polarized idler photons in a ppKTP crystal of length
L = 1cm. The biphoton-state after walk-off compensation (7 = % + A7) emerging
from the PMF can be denoted by (see Equation 4.17)

Har) = ¢ / dw h(w, wp — w)e W TANEE ()al (w, — w) [Vac) . (A1)

with

hw, wp —w) = e_ﬁéAk(w’wl’_‘“)sinc(;Ak‘(a}, Wp — w)> (A.2)

The parameter At 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 (w = wp, wp, = 2wp), the wave vector mismatch

Ak(w,wp, —w) can be approximated by (see Equation 4.26)

Ak(w,wp —w) = D(wy —w) + A(T, wp)
A(T,wp) = Dp(T — To) + Do, (wp — 2wo) (A.3)

with Ty =37.15°C, wy = "’/\2—()” and A9 = 810nm. The state analysis is performed

by means of a HWP, followed by a PBS with a single-photon detector in each output

mode.
PMF HWP Figure A.1 Arrangement of the
PEg detection module. The HWP is ro-
]l
- b, +E}E _ =z . .
|2| APD tated by an angle 8 g resulting in
T photon bunching at the PBS. The pho-
tons are detected in both outputs of the
L APDg

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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Er(t) = cos(28) Eu(z,t) + sin(28) Ey(z,t) (A.4)
ER(t) = cos(28) Ey(z,t) — sin(28) Eu(z,t) (A.5)

where 8 describes the rotation of the half-wave plate and

Bl ) = \/12? / et/ (1) dunn (A.6)

denotes the positive frequency part of the electric field operator Em(x, t) +Ejn(x, t).

The two-photon correlation function in the output modes of the PBS can be calculated
via
Gliom(t1, t2) = (Uar| E}(t1) B}y (t2) B (t2) Br (1) U ar) (A7)

where the right-hand part results in

Eg(t2) Er(t) [Tar)
- (cos2(25) Bula,t1) Bv(z, t2) — sin2(28) By(z, t) Bz, tQ)) Ia,)

_ % e—ﬁw(%—&—Ar) (COSQ(2B) e—ﬁw(t1—ac/c)e—il(wp—w)(tg—x/c)
—sin?(28) e~ Wlta—#/¢)g=i(wp—w)(ti— 3”/C)) hw, wp — w)dw |Vac)

_ ¢ 2 —iwAt —iwp(ta—z/c) 3.2 IwAt  —iwp (t1—2/c)
= 27r/ (cos (26) e e 1vp sin®(23) e™“=re P )

o1 (L/2 (A(T\wp)+D(wo—w))+w T)gin e (g(A(T, wp) + D(wo — w))) dw [Vac)

2£e—1’1 (L/2 (A(T,wp)-l-Dwo)-i-wp(tz—x/c))/(COSQ(Qﬁ) oWt _ gin2(93) e—ﬁAt(wp—w)>
T

e 1AT wsinc(é(A(T, wp) + D(wo — w))) dw |Vac)

__C i (L/2 (A(Tawp)+ D)+ (t2—a/<)) <C082(25) eﬁ(“(T];WwO)(ATw)H(M)
LD

LI|D|
AT wp) AT — At
- 9 —i(wp At+(—3FL+wo) (AT— At))
sin?(23) e~ Her <D |Vac)
o C —11 ((A(T wp)—‘rw == D—l—AT)-‘rw (ta—z/c)) 2 —1'1(A<T’wp) +wo)At AT+ At
= 7L\D| P cos“(2f) e D I ~¥ D
. ( Mp) A - A
—sin2(2ﬁ) 61(7’4 TD +w0—wp)AtH<§/Dt>) |Vac> (AS)

In the above calculation, we used the commutation relation from Equation 2.55 and

/sinc(C’ + Oy w)e ¥dw = T _t eﬁ%t (A.9)
e TN 20, '
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(A.10)

with rectangular function
1 if—i<Xx<]
(X) =
0 otherwise.
11(X)
1 Figure A.2 Rectangular  function
I(X) as defined in Equation A.10.
1 0 I X
T2 2
With Equation A.8 the Gg())M—function results in
Gg())M(tb t2)
A A AT — A
x cos?(23) H( 1} t> + sin*(28) H< ;D t) — cos?(28) sin?(2p)
ei].l(QA(TD,Wp)J’»ZwOiwp)At n eﬁ(ZA(T[’)“p)JrQWO*wp)At I AT+ At I AT — At
LD LD
A At AT — At
o cos*(23) H(Z—Z)) + sin?(28) H< TLD > — cos?(2f) sin?(2p)
A(T, wyp) AT+ At AT — At
2 cos <(2D + 2CL)U — Wp)At 11 W 1I ﬁ
(A.11)

The probability of detecting coincidence events is proportional to the GgéM—function

integrated over the range of the detectors resolving time. For the detectors used the
resolving time is of the order of 1ns and is therefore much larger than L D = 3.5 ps.
(A.12)

Consequently, we can extend the range of the integral to +co in good approximation.

Pc 0.8 / / dtldthHOM(tl, tg).
—o0 J —00
In the case of wy, = 2wy and T' = Tj, the above integration yields the normalized

probability
PC<AT) ﬁ)
= cos?(28) + sin?(28) — 2 cos?(283) sin?(2) @(L|2D\ — \AT|) L|2] 5
=1 — —sin?(48) — = sin?(43) ®<L\2D] - |AT]> (1 - 2;6;“)
L|D| 2 |AT|
£ i) (-5 (A1)

2
=1- 1sin?(zm) (1 + @(
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with Heaviside step function

1 ifo0< X
0(X) = (A.14)
0 otherwise.
OX)
Figure A.3 Heaviside step function 1
©(X) as defined in Equation A.14.
X
0

In the more general case, the integral of Equation A.12 results in

PC(AT7 Bv T') wp)

. A(Tw L|D
L|D| 9 sm((2% + 2wy — wp)(% — ]AT\))
—|AT]|

R
=1 2s1n (468) | 1+ ®< LD 2A(7;)wp)

B 1. L|D| 2 |AT|
=1- 581112(45) <1 + @(2 - |AT]> <1 ~ LD ) f(AT, AT, Awp)> (A.15)

+ 2(.«)() — Wp

F(AT, AT, Awy) = sinc<(2A(1;’)w@ - Awp)(L;D’ — |A7‘|)>

2D, — D
:sinc<(2gTAT+ > Awp)(Lgm —\ATD) (A.16)

PC(OO, /Ba T7 wp) - PC(07 67 Tv wp)
PC(OO7 67 T7 wp)
122
_ gsin (45)
=TT 205 %sin2(45)f(0’ AT, Awy)
5 sin?(48)
1 Lsin?(4p)

VHOM (67 ATv Awp) =

D
sinc <DT L AT + (D, — 5) L Awp> (A.17)
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Experimental test of photonic entanglement
in accelerated reference frames

Matthias Fink!, Ana Rodriguez—Aramendia1, Johannes Handsteiner!, Abdul Ziarkash!, Fabian Steinlechner!,
Thomas Scheidl!, Ivette Fuentes?, Jacques Pienaar%T, Timothy C. Ralph3 & Rupert Ursin'4

The unification of the theory of relativity and quantum mechanics is a long-standing challenge
in contemporary physics. Experimental techniques in quantum optics have only recently
reached the maturity required for the investigation of quantum systems under the influence
of non-inertial motion, such as being held at rest in gravitational fields, or subjected to
uniform accelerations. Here, we report on experiments in which a genuine quantum state of
an entangled photon pair is exposed to a series of different accelerations. We measure an
entanglement witness for g-values ranging from 30 mg to up to 30 g—under free-fall as well
on a spinning centrifuge—and have thus derived an upper bound on the effects of uniform
acceleration on photonic entanglement.

TInstitute for Quantum Optics and Quantum Information—Vienna (IQOQI), Austrian Academy of Sciences, Boltzmanngasse 3, Vienna A-1090, Austria.
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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
radiation! and Michelson-Morley? 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

—
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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 phenomena®. 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 entanglement>8, However,
experimental tests of quantum phenomena in these regimes is
still sparse’. To date, first experiments have been performed
using only single quanta, eg, in the pioneering work
of Colella et al'®!'. 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
operation'2. In a subsequent launch this project ultimately
succeeded in placing a correlated photon state on a cubesat into
space!. Those Experiments demonstrate very high stability of
optical alignment under harsh mechanical and thermal
but do not directly relate to properties of

conditions

. Detection module
ps @

Figure 1| Sketch of the source crate. (b) A laser diode pumps a ppKTP crystal heated by an oven, generating photon pairs collected in a polarization
maintaining single-mode fibre. An additional Nd:YVO, crystal is used to fine-tune the walk-off compensation. A BS creates an equal superposition for

reflection and transmission for each individual photon, which leads to an polarization-entangled state in postselection. Using various half- and quarter-wave
plates (HWP, QWP) and PBS, the polarization correlations can be analysed in different measurement bases and measured in detectors (D1,02,D3 and D4).
(a) Source (level 1), electronics (level 2), as well as polarization analysis and detection module (level 3) are placed at different levels inside the crate and

thus exhibit different maximal g-values.
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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 state!* 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 12m 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 30g at a maximum
angular speed of 9.9rads 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

Guiding rails

‘Mattresses

[ wer] wozt

Frame of reference

a beam splitter (BS)!°. 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°Cx0.1°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:YVO,) 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 PMSMEF 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:

[W)=1/vV2(|H\V,) +e~ " |ViH,)) (1)

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 ¢. For the
presented experiments the quarter-wave plate was set such that
¢ =m resulting in the rotationally invariant two-photon state
¥~ )= 1/v2(]H,V,) — [ViH,)). An additional motorized half-

In motion

Figure 2 | Scheme of the experiments. (a) The crate was dropped from 12 m for a low-g (almost) free-fall flight in air of 1.4s. A 1.3-m-high stack of
mattresses was used to reduce deceleration on impact (Supplementary Movie 1). (b) The source crate was installed in one of the centrifuge gondolas at a
distance of about 3m from the axis, at full speed. The orientation of the accelerometer reference frame are shown when the centrifuge is at rest and in

motion (Supplementary Movie 2).
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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:

" (ﬁexp> = o) 2 Py (ﬁew> :é (Vi + Via)
(2)

where Vv and Vp, denote the visibilities of the two-photon
correlation function measured in the horizontal/vertical (diag-
onal/anti-diagonal) basis'®. The two-photon polarization-
correlation functions were evaluated as:

:le + Nzg — N1y — Np3
N1z + Npg + N1y + N3

(3)

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 ~5mW. The setup provides 280 kcps detected
single counts in total and 7keps coincident counts, yielding a
visibility of Vigy=97% in HV basis and Vps=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 12m
provided us with an integration time of 1.4s 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 1.5h. 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 55km per h, enabling us to
measure g-values, as low as 30+3mg 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 x400,000 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 Vps =96% + 2%.

The centrifuge experiment. For the strong acceleration regime,
we used a centrifuge that rotates the crate around a fixed vertical

4

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 1g to up to 30g in ~5g
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 ~38arcsec. 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 174km 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 >96% was observed for all
acceleration levels. Each data point was calculated using > 10,000
coincidence counts leading to an 3¢ error bar of 0.25%. The
measured fidelity is limited by numerous sources of systematic
errors such as accidental coincidence counts!”, and birefringence-
induced transformations of the entangled photon state,
temperature-dependent spectral characteristics of the SPDC
process!8.

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.

| 8:15304 | DOI: 10.1038/ncomms15304 | www.nature.com/naturecommunications
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Figure 3 | Data for drop tower experiment. (A) Elapsed time at rest, (B) free-fall flight (C) and after impact versus HV- (left) and DA-visibility (right)
measured in 500 ms slots compared to its average (denoted as horizontal dashed line). Each of data points shown consists of &~ 3,500 coincident counts
and Vpa=96% on average. The error bars shown in the graphs are calculated considering Poissonian statistics, as well as systematical errors for

DA measurements due to temperature fluctuations. The actual g-value shows the drag from contacts with the guiding rail and the wind at higher velocities.
The impact (at 1.455s) consisted of a 16 g deceleration phase (g-sensor saturated) and a rebound phase (at 2s).
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Figure 4 | Data from centrifuge experiment. Time elapsed versus g-force and visibility in the DA (triangles) and HV (circles) polarization measurement
basis. The average of the visibilities is represented as horizontal dashed line (94.8 and 98.3%). Each of the points was calculated from x14,000 coincident
counts. The error bars shown in the graphs are calculated considering Poissonian statistics, as well as systematical errors for DA measurements due to
temperature fluctuations. The drop in visibility at 15 g is due to the effective cooling of the crystal during higher angular spinning speeds. The lower g-values
(light blue) represent the measured data of the g-sensor at level 3 (detection) of the crate. In addition the calculated acceleration at level 1 (source) is

plotted (blue).
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Figure 5 | Summary of experimental data. All data acquired during the
experiments shown as the g-value versus lower bound on Bell-state fidelity
(F.'}f' (ﬁexp)), for g-values ranging from 3 mg to up to 30g. The error bars
shown in the graphs are calculated considering Poissonian statistics, as well
as systematical errors for DA measurements due to temperature
fluctuations. No deviation from the total average (96.45% represented as
horizontal dashed line) for more than the estimated errors is visible.
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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
>1.08%.

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 field!. 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 photons*”, and higher-
dimensional degrees of freedom, such as energy-time
entanglement?!. 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 entanglement®~5.

2l

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 accurate measurements in applications ranging from spacecraft and aircraft to self-driving
vehicles such as autonomous cars. As with 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-entangled NOON-states (N = 2) to provide super-resolution and phase
sensitivity beyond the shot-noise limit.

1. Introduction

Among the many applications of optical interferometry, optical gyroscopes based on the Sagnac effect are an
invaluable tool in sensing and navigation. First observed by Georges Sagnac in 1913 [1, 2]—in an attempt to
observe the ‘relative circular motion of the luminiferous ether within the closed optical path’[3, 4] —the Sagnac
effect refers to the relative phase ¢5(£2) experienced by counter-propagating light waves in a rotating
interferometer. To this day, this experiment, together with that of Michelson and Morley [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], a mass product has evolved from its application [11]. The effect allows us to
determine the absolute rotation €2 with 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].

The precision of an optical gyroscope is determined by the phase response ¢/ 052 as well as the minimum phase
resolution A¢. The phase response or Sagnac scale factor Sy, is proportional to the area A - enclosed by the counter
propagating waves and inverse proportionality to the wavelength )\ of the interfering wave. In commercial fiber optic
gyroscopes (FOQ), 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 [14] as well as with de-Broglie waves such as electrons [15], neutrons [16], and
atoms [17-19]. 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 minimum phase resolution of a FOG is limited by various sources of noise. The most 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 7 follows a
Poissonian distribution and thus varies—without phase change—with /M (i.e. the standard deviation) around
the average number of detected photons M. Therefore, the shot-noise limit (SNL) Ay = 1/VM < A¢

©2019 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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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 from detrimental 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 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 [22]. Quantum interferometry thereby pursues the approach of using
non-classical states of light in order to measure optical phases with a higher precision per photon. The canonical
example of such states are path-entangled NOON-states, for which the resulting measurement advantage is
based on the collective behavior of N > 1 photons. That s, all N photons are in an equal superposition of being
in either one of the two modes of an interferometer, resulting in a shortened de-Broglie wavelength A/ N, where
A denotes the physical wavelength of the individual photons [23]. 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, 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 vy = M/N
consecutively detected NOON-states (i.e. M photons are detected in total) is given by A¢yoon = 1/~NM.
This entanglement-enhanced phase precision is smaller by a factor 1/+/N than the SNL A¢g; = 1/VM.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 (IN times shorter wavelength), or N
times more photons were detected. Note that the fundamental limit in quantum mechanics is the Heisenberg
limit A¢yy = 1/M, which retains its validity for arbitrary photon states.

Quantum metrology usually assumes a restricted amount of photons available for the measurement (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 for fiber optic gyroscopes, as the interplay of the noise sources
does not equate to a limitation of the number of photons used for the measurement. For FOGs, the key question
is the extent to which 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 the minimal achievable
phase resolution, which results from an interplay of all sources of noise cannot yet be measured. However, it is
possible to verify experimentally the sub-SNL or entanglement-enhanced phase sensitivity of FOG using
NOON-states at achievable count rates.

While the applicability of these non-classical states in metrology has already been widely demonstrated in
other interferometric settings [29—33], the measurement advantage, or quantum enhancement, has not yet been
used to measure a phase shift imparted by accelerated or rotational motion. In this work, we demonstrate an
entanglement-enhanced phase sensitivity in a fiber optic gyroscope [34]. The gyroscope is based on a compact
source of entangled photon pairs that was mounted together with a fiber coil on a rotating platform (see
figure 1(a)). 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 SNL. Our work now demonstrates 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

Arigid three-level crate containing the optical setup and battery-powered electronic control equipment was
mounted on a modified cement mixer (see figure 1(a)). A remotely controlled computer on board was used to
store all relevant data and to control the experiment. By controlling the motor by means of a variable-frequency
drive, we were able to adjust the rotational speed of the Sagnac interferometer. An additional commercial
gyroscope (Dytran, VibraScout 6D, 5346A2) was mounted at the cement mixer 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 converted within the crystal via
spontaneous parametric down conversion (SPDC) into pairs of signal and idler photons with horizontal (H) and
vertical (V) polarization, respectively. In order to guarantee wavelength-degenerate quasi-phase matching at
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Figure 1. Experimental arrangement (a): a rigid three-level crate containing a photon source, a fiber based Sagnac interferometer and
electronic equipment was mounted on a modified cement mixer. The optical fiber coil was passively stabilized against temperature
drifts with a cardboard box and bubble wrap. Optical setup (b): light from the laser diode (405 nm) produces signal and idler photons
atawavelength of A = 810 nm via spontaneous parametric down conversion (SPDC). A polarizing beamsplitter with ports a,b,c and
d converts the polarization modes to spatial modes, which are coupled to the different ends of a single mode fiber (SMF) coil. The
photons in port-d are measured in the DA-basis. Two silicon-avalanche photo diodes (SiIAPD) generate electrical pulses which are
recorded in time with a time tagging module (TTM).

810 nm, the temperature of the crystal is stabilized at 37.375° C &+ 0.01° C. The wavelength-dependent splitting
is realized with two dichroic mirrors. 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 a NOON-State with two indistinguishable
photons, one has to compensate this polarization dependent time delay with further birefringent components of
the right length. For this purpose, we have used an additional neodymium-doped yttrium orthovanadate (Nd:
YVO4) crystal, considering the birefringence of the PMF. This source produces a measured photon rate of

950 keps at 810 nm with a pump power of 27.5 mW. Because of photon losses within the system, only a fraction
of the photons leaves the PMF as a pair. We measure a photon pair rate of 191 kcps. Both rates are measured with
aphoton detection efficiency of Ps;app = 0.64 (data sheet of the manufacturer).

2.2.Interferometer
A half-wave plate (HWP) at 22.5° transforms the two-photon state | UPMF) = |1y, 1y) at the output of the PMF
to a NOON state in polarization modes 1,/~/2 (|21, Oy) — |0y, 2v)), where both photons are either horizontal
or vertical polarized.

Additionally, for providing reference measurements with consecutive single photons, the one-photon state
|14, Oy) could be generated by inserting a horizontally oriented polarizer directly after the PMF. After the
transmission through a HWP, the single photon is anti-diagonal polarized and its state can be written asa
superposition of Hand V polarization [0p, 1) = 1/+/2 (|1g, Oy) — |0g, 1y)).

The polarizing beamsplitter (PBS) of the Sagnac interferometer (see figure 1(b)) converts the polarization
modes to spatial modes, which are both coupled to the different ends of a coiled fiber loop. Transmitted photons
thus propagate in a clockwise () and reflected in a counterclockwise (?) direction through the fiber. The
resulting N-photon state in the Sagnac interferometer is given by

L

\/E (lNO’ OO> - |OO) N0>)’ (1)

with Nbeingeither 1 or 2 in case of a measurement with or without the polarizer, respectively. After traversing
the fiber loop, the photons impinge on the PBS a second time, from where they are guided to output port-d. The
polarization changes in the fiber-coil where compensate by an additional HWP and an in-fiber-polarization-
controller (see figure 1(b)).
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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 7y — | = 5 ms (Ty—, = 20 ms). The solid black line is a fit function of the form of equation (5). 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.

2.3. Sagnac-phase

The rotation with an angular velocity §2 leads to a phase difference ¢5(2) between counter propagating waves,
called the Sagnac-phase. Typically ¢5(£2) 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
Atatthe PBS, between clockwise and counterclockwise propagating waves, reads:

2Lr Q2
21 — r2Q?/c? ,
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

At(Q) = )

$5(Q) = CZTWAt(Q) ~ ‘”iirﬂ 5 0 =1.090, 3)
C

where A = 810 nm is the wavelength of the down-converted photons.

2.4. Detection
The final state after transmission through the Sagnac loop (in port-d of the PBS) reads:

W) = —= (1N, Oy) — NSO+ 0]0y, Ny)). @)

V2

where ¢ accounts for an initial offset caused by the birefringence of the fiber coil. The detection module consists
ofaHWP at 22.5° followed by a PBS and two silicon-avalanche photo diodes (SiAPD), one in each output. This
setup projects the state |U4(N)) onto the diagonal /anti-diagonal (D/A) polarization basis. The which-way
information (/) is inaccessible in this basis, resulting in interference between the two modes. Note that the
N-photon rate R(N) o< cos? (N/2(S © + ¢,)) shows alinear increase of the fringe oscillation frequency w
(N) = (SN)/2with N.

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 step wise from Q2 = 0to {2 = 5.6 rad s~, resulting in a full 27 phase shift according to equation (4).
For each setting of €2 we accumulated data for a total of ~19 s and evaluated the one-photon (two-photon)
count rates Ry—; (Ry—,) with integration time 7y — ; = 5 ms (Ty—, = 20 ms), leading to 3800 (950) data-
points per angular velocity setting. Note that using different integration times for measurements 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 both measurements. Figure 2(a) shows the one-photon count rate Ry—, of
SiAPD, obtained in the first measurement run, whereas figure 2(b) shows the two-photon coincidence count
rate Ry—, between SiAPD, and SiAPD, of the second measurement run. Comparison of the two graphs clearly
shows the increased fringe oscillation frequency of Ry—,. Both count rates in figure 2 are fitted with the function
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Figure 3. Two-photon count rate Ry, and angular velocity versus time: variation in time of the angular velocity §2 as measured with
the commercial gyro-sensor (black solid line). The blue dots indicate the two-photon count rate Ry—,, with integration time of 20 ms.

Table 1. Fit parameters of equation (5) as plotted in figure 2.

N M (Tﬁlzlm) B (TE1:1(2>) S ¢ (rad)
1 1955 63 1.091(8) 1.676(7)
2 1956 49 1.089(0) 1.662(9)

R(N) (see equation (5)) using the fitting parameters presented in table 1. The error estimation of the fit
parameters was determined via bootstrapping and confirmed by Monte Carlo simulation.

M N
R(N) = ﬁcos2 (?(S Q+ (;50)) + B. (5)

The phase shift caused by the fiber coil ¢ was set to ~7/2 using the fiber-polarization-controller. The
background B results mainly from uncorrelated residual background counts but also from imperfect overlap of
the counter propagating modes. Note that the amplitude in figure 2(a) is about twice as large as in figure 2(b), but
M ~ 2000 is approximately the same for both measurement runs. Here, M denotes the total number of photons
detected per integration time Ty—(2), in the respective photon state. The fiber coil is not perfectly circularly
wound and has extra loops for the polarization controller and the PBS connections, therefore equation (3) isa
rough estimation of the expected scale factor S, which agrees nicely with the fitted parameter S.

The vertical distribution of the individual measurements in figure 2 with respect to the fit function is mainly
caused by statistical count-rate fluctuations. The horizontal distribution of the individual measurements stems
from variations in the rotational velocity of the modified cement mixer (due to an imbalanced ball bearing
mechanism). This deterministic variation of €2 was measured with the 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 3.

The uncertainty in the measured velocity attributed to Poisson noise of Ry can be estimated via propagation of
uncertainty AQF(Ry) = |0QF(Ry) /ORy| /Ry, where QF (Ry) is the rotational velocity estimated via the inverse
fit function (equation (5)). The uncertainty estimated in this way is plotted in figure 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-point AQE;, . is numerically compared to AQN = 1/(Sv/M)and AQHE = 1/(SM) in table 2.

With the inverse fit function, a rotational velocity 2F (le\,) can be assigned to each measured count rate
(blue points in figures 2(a) and (b)). Those values deviate from the reference {2, as measured with the commercial
gyro-sensor. The absolute value of those deviations are plotted in figure 4 (green points), together with the
sample standard deviation (black error bars) of each block of measurements (measurements with similar
rotational velocity). The block with the best precision of each measurement run is colored blue and the
respective sample standard deviation A, ,;, can be found in table 2.

4. Discussion

In summary, we have demonstrated the effect of super-resolution in a FOG using two-photon NOON-states.
The increased fringe oscillation frequency of the two-photon count rate Ry, with respect to the one-photon
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Figure 4. One-photon versus two-photon measurement precision. The precision of the rotational velocity, measured with the one-/
two-photon state is shown in ((a)/(b)). Absolute value of the Deviation [Q2E(R};) — Q] (green dots). Sample standard deviation of
[QF(R)) — ] for each measurement block AQ) with estimated errors (black error bars). SNL of the measurement system AQSN-
(dashed line). Uncertainty estimated via fit function AQE(Ry (£2)) (solide black line). The measurements with the smallest standard
deviation A, is colored blue. These data are shown enlarged in the upper right corner.

Table 2. Comparison of the measurement precision with M = 1955 photons
detected on average. Standard quantum limit AQSN- = 1/(S/M) and
Heisenberg limit AQ™" = 1/(S M) of the measurement system, with the scale
factor S = 1.09. Best precision of the respective measurement run AQ, ;. (blue
colored data in figure 4). Precision at the bias point AQE, , estimated via fit
function. All values are given inrad s .

N AQSNL AQmin AQgias AQHL

¥ 0.025(0) 0.024 8 >
0.018(9) 0.018 3 >

0.0207 469 x 10°°

countrate Ry—, is shown in figure 2. From the fit parameters of table 2, a fringe oscillation frequency ratio of
w(2) /w(l) =Sy = 2/(%SN: D = 1.995(£0.4 x 10~3) 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, which may 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 and mechanical
stabilization of the fiber. However, the ratio is significantly greater than 1, by means of 2487 standard deviations,
which bears witness of super-resolution.

Furthermore we have investigated the precision of the NOON-state measurements close to the bias-point
AQ iy (see table 2). We found that, mainly due to background, it is slightly worse than the theoretical predicted
limit AQSNL//2 = 0.014 6 rad s~ . Nevertheless, the measured precision of the two-photon state performs
better than the one-photon state, and is better than AQ*™". Such sub-SNL precision can never be achieved with
coherent states of light.

5. Conclusion

In conclusion our result suggest a possible improvement of the accuracy of FOG using non-classical states of
light. In particular, when using NOON-states with large N, one can significantly reduce the de-Broglie
wavelength of the photon state, without altering the wavelengths of the actual photons. Hence the de-Broglie
wavelength can potentially be shifted outside of the transmission window of 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. 20 ;W which corresponds to arate of 156 x 10'? photons per second (at

A = 1550 nm). In contrast, the detected photon rate of the NOON stateis 100 x 10”in our experiment. This
relatively low photon rate was limited by the detectors used, whose efficiency decreases with increasing
countrate.
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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 from quantum metrology will 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 system may become feasible in the foreseeable future. We hope that our work will
inspire further research in this direction.
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