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Zusammenfassung

Verschriankung ist eines der ungewohnlichsten Phianomene der Quantenmechanik. Sie beschreibt
nicht-separable Quantenzustinde, deren Eigenschaften der Intuition widersprechen, die man sich
durch Beobachtungen klassischer Phinomene angeeignet hat. Mittlerweile ist sie ein wichtiger Be-
standteil in vielen Quanteninformations- und Quantenkommunikationsprotokollen, da sie Informa-
tionsverarbeitung ermdglicht, die schneller als klassische Informationsverarbeitung ist. Besonders die
Verschriankung von weit voneinander entfernten massiven Teilchen, die als Quantenspeicher genutzt
werden konnen, erlaubt den Bau von sogenannten “Quantum Repeatern” und spéter von ganzen
Quantennetzwerken. AuBlerdem kann eine solche Verschrinkung fiir einen schlupflochfreien Test der
Bellschen Ungleichung genutzt werden und somit die 80 Jahre alte Frage beantworten, mit welcher
Theorie die physikalische Welt beschrieben werden muss. Diese Frage wurde als erstes von Ein-
stein, Podolsky und Rosen gestellt, die gefordert hatten, dass die Welt von einer kompletten Theorie
beschrieben werden sollte. Eine komplette Theorie ist in ihren Augen sowohl realistisch als auch
lokal. Diese Anforderungen erfiillt die Quantenmechanik nur, wenn man sie um sogenannte lokale
versteckte Variablen erweitert. Obwohl alle bisherigen Tests der Bellschen Ungleichung die Existenz
von lokalen versteckten Variablen widerlegten, ist die Frage nach deren Existenz noch nicht endgiiltig
beantwortet, da alle bisherigen Experimente mindestens ein Schlupfloch fiir diese zulassen mussten.
Angekiindigte Verschrinkung zwischen massiven Teilchen, die weit voneinander entfernt sind, kon-
nte einen endgiiltigen Test der Bellschen Ungleichung ermoglichen und somit auch eine endgiiltige
Aussage tiber die Existenz lokaler versteckter Variablen.

In dieser Dissertation wird die Erzeugung und der Nachweis von angekiindigter Verschrinkung
zweier 20 m voneinander entfernter Rubidiumatome besprochen. Durch den groBen rdumlichen Ab-
stand der Atome kann keine direkte Wechselwirkung zwischen den Atomen genutzt werden, um die
Verschrinkung zu erzeugen. Deswegen werden einzelne Photonen genutzt, um die Verschrinkung
iber eine so grofe Strecke erzeugen zu kénnen. In einem ersten Schritt wird der Spin jedes Atoms
mit der Polarisation eines Photons verschrinkt. Danach werden beide Photonen zu einem Strahlteiler
geleitet, an welchem sie interferieren. Der resultierende zwei-Photonenzustand wird auf einen maxi-
mal verschriankten Bellzustand projiziert. Dieses sogenannte “entanglement swapping” Protokoll er-
moglicht die Verschrinkung von beiden Atomen ohne direkte Wechselwirkung zwischen den Atomen.
In einem weiteren Schritt wird die Atom-Atom Verschrankung durch Messung von Korrelationen
zwischen beiden atomaren Spins nachgewiesen. Um einen hohen Grad der Verschrinkung zu er-
reichen, miissen auch alle zugrunde liegenden Prozesse wie die Atom-Photon Verschrinkung und
die zwei-Photonen Quanteninterferenz genau studiert und optimiert werden. In dieser Arbeit werden
Daten présentiert, die einen hohen Grad von Atom-Photon Verschrinkung in beiden Teilexperimenten,
einen sehr guten zwei-Photon Interferenzkontrast und letztlich auch Atom-Atom Verschrinkung sowie
eine Verletzung der Bellschen Ungleichung zeigen.

Die Qualitidt der Atom-Atom Verschriankung ist dabei gut genug fiir die Demonstration weiterer
Anwendungen in der Quanteninformationswissenschaft. Zukiinftige Verbesserungen werden zudem
einen schlupflochfreien Test der Bellschen Ungleichung ermoglichen und somit auch die Demonstra-
tion von gerdteunabhingiger Sicherheit eines Quantenkryptographieprotokolls.



Abstract

Entanglement is a most extraordinary phenomenon in quantum mechanics as it describes non sepa-
rable quantum states which characteristics contradict the common intuition based on observations in
classical physics. It is essential in most quantum information and communication protocols because
it provides a resource for faster-than-classical information processing as well as processing of even
physically separated quantum systems. Especially, the entanglement of widely separated, massive
particles used as quantum memories allows the construction of quantum repeaters and furthermore,
of quantum networks. Such entanglement can also be utilized for a test of Bell’s inequality solving
the 80 year old question how the physical world needs to be described. It was first raised by Ein-
stein, Podolsky and Rosen demanding that the world should be described by a complete theory, which
is realistic, local and deterministic - restrictions that quantum mechanics could only fulfill by imple-
mentation of so called local hidden variables. Although experimental tests of Bell’s inequality favored
quantum mechanics over local hidden variable theories the question is still an open one as all these
tests suffered from at least one major loophole. Here, heralded entanglement of massive particles over
a large distance may enable a conclusive test of Bell’s inequality providing a final statement about the
existence of local hidden variables.

This thesis presents the generation and verification of heralded entanglement of two rubidium atoms
located in two independent experimental setups at a distance of 20m. As the atoms are physically
separated, no direct interaction between them can be established for entanglement generation. For
this reason photons are used for long distance entanglement distribution. In a first step entanglement
is generated between the spin state of each atom and the polarization of a single photon. The two
photons are guided to a beam splitter, at which they interfere, and the resulting two photon state is
projected onto a maximally entangled Bell-state. This, so called, entanglement swapping protocol
entangles the two atoms, although they never interacted directly. In a second step the atom-atom
entanglement is verified by correlation measurements of the two atomic spin states. In oder to achieve
a high degree of entanglement, all underlying processes including atom-photon entanglement as well
as two-photon quantum interference need to be studied in detail and optimized. Data are presented
verifying high atom-photon entanglement visibilities in both setups, high two-photon interference
visibility and finally, atom-atom entanglement as well as a test of Bell’s inequality.

The atom-atom entanglement visibilities are high enough for demonstration of further applications
of quantum information science. Future improvements will allow a loophole-free test of Bell’s in-
equality and thereby, demonstration of device-independent security of quantum cryptography.
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1. Introduction

Early 20th century technical advances allowed new experiments on the microscopic scale of single
atoms, electrons and photons. The results of these experiments could not be explained by classi-
cal physics. A new theory was needed describing these phenomena. The answer to describe these
phenomenas was the theory of quantum mechanics. Even though all new phenomena could be de-
scribed by this theory, there still existed doubts caused by the many counter intuitive features of
quantum mechanics as the superposition principle, the wave-particle dualism, the irreversible mea-
surement collapse or the uncertainty principle. The most extraordinary of these new properties is
entanglement. Entangled particles are in a common quantum state, and measurement results on the
entangled particles show correlations between them which can not be explained by classical statis-
tics. Furthermore, the theory allows arbitrary distances between the entangled particles without any
change of the measurement results! This inherent non-locality of quantum mechanics, combined with
its characteristic that only probabilities for measurement outcomes can be predicted (indeterminism),
brought the three physicists Einstein, Podolsky and Rosen to raise the following question in 1935:
“Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?” [1]. In their
work they discussed the possible existence of so called “local hidden variables” (LHV), which can
not be observed, but determine every measurement result beforehand. This additional assumption
would turn quantum mechanics into a theory, which they considered to be complete as it would be
realistic and local.

In the following years the discussions about the existence of LHV remained purely philosophically,
until Bell proposed a possibility to experimentally test their existence in 1964 [2, 3]. He introduced an
experiment based on perfect correlation measurements on two entangled particles in different bases,
and showed that for a set of distinct measurements quantum mechanics and LHV-theories predict dif-
ferent outcomes of such an experiment. In the following years more practical “Bell inequalities” were
proposed considering also non-perfect correlations between the particles. In 1969 Clauser, Horne,
Shimony and Holt presented an inequality (CHSH-inequality), which is limited to a value of 2 for
all LHV-theories [4], but allows quantum mechanics to violate this limit with values up to 2v/2. In
subsequent years many experiments were executed using the CHSH-inequality to test LHV-theories
[5, 6, 7, 8]. They all violated the inequality thereby conforming quantum mechanics. But all these
experiments suffered of at least one of two main “loopholes”, which serve as a back door for LHV-
theories. The analysis of the particles was not space-like independent or relied on a fair sampling
assumption (less than 82.8% of all entangled pairs were taken into account). The locality-loophole
was closed by an experiment with entangled photon pairs, at which the photons were analyzed 400 m
apart from each other [9], and the detection-loophole was closed by measurement on entangled ions
[10]. But until now no experiment closed both loopholes at the same time. Therefore, the question
about the existence of LHV-theories is still an open one.

Entanglement of separated particles can also be used for applications in quantum information sci-
ence, quantum cryptography and quantum metrology as the quantum state of each particle can be
interpreted as qubit [11, 12, 13, 14, 15, 16]. A qubit is defined as quantum mechanical analog to a
classical bit that, in contrast to a classical bit, may also be in a superposition state a |[0) + b|1). It
can be read out in a projective measurement yielding as result 0 or 1. The entanglement of those
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qubits enables the demonstration of basic quantum information protocols, e.g., a quantum repeater
link [17] or teleportation of quantum states [18] as well as quantum communication protocols like
device independent quantum cryptography [19]. An entire quantum processor consisting of many
qubits would also be able to process computational tasks like factorization of large numbers [20] and
database search [21] much faster than classical processors. However, these applications are far from
any practical realization.

First demonstrations of entanglement were performed with photon pairs using atomic cascade tran-
sitions in 1967 [22]. Since then techniques for the generation of entanglement improved drastically.
Today entanglement between up to eight photons has been verified by using parametric down con-
version [23]. Furthermore, entanglement has not only been verified for photons but also for massive
particles. The successful entanglement of 14 ions trapped in a linear Paul-trap has been achieved [24]
as well as entanglement of thousands of atoms trapped in an optical lattice [25]. These experiments
have demonstrated entanglement between particles of the same species. But many enhanced proto-
cols in quantum information and communication demand so called “hybrid systems” which make
use of the long coherence times and high detection efficiency of massive particles and the capability
of photons to distribute information over long distances. This hybrid entanglement has already been
verified for atoms and ions in free space [26, 27], for atoms and ions in optical cavities [28, 29] as
well as for ensembles of atoms [30]. Recently it has even been verified for nitrogen-vacancy cen-
ters in diamonds, which is a much more complex system than atoms due to influences of its bulk
surrounding [31]. There exists also another kind of hybrid entanglement. Here, entanglement is gen-
erated between a single atom and a Bose-Einstein condensate of atoms of the same species [32]. The
presented systems already are suited for demonstrations of basic quantum computational algorithms
[33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 25, 43].

The experiment presented in this thesis is using two 87 Rb atoms, which are separated by 20 m, for
demonstration of entanglement of massive particles over long distances. Due to the huge distance
of the atoms no direct interaction can be established in order to entangle the atoms. Therefore, this
experiment utilizes single photons for long distance distribution of entanglement as they can be easily
guided trough fibers of almost arbitrary length. In a first step hybrid entanglement between a sin-
gle atom, trapped in an optical dipole trap inside an high vacuum chamber, and a single photon is
generated in two almost independent setups. The single photons emitted by each atom are guided
to a detection setup at which they arrive at the very same time. Inside the detection setup the two
photons interfere, and are projected according to the respective detection results onto Bell-states. A
two-photon coincidence detection projects the photons and the atoms each on the very same Bell-
state, and thus serves as a heralding signal for every atom-atom entanglement event. This so called
“entanglement swapping protocol” entangles the two atoms, although they never directly interacted
with each other.

However, this experimental setup is not suited for a loophole-free test of Bell’s inequality as the
detection of the atomic states won’t be space-like separated. But the demonstration of heralded en-
tanglement is a very important step towards this goal, and the setup is already capable to close the
detection loophole as well as to demonstrate basic quantum information protocols like teleportation.
Moreover, the required experimental improvements for a loophole-free Bell test are already developed
making it a realistic short term goal.

This thesis starts by discussing the experimental setup and the generation of atom-photon entan-
glement. Thereafter, the experimental requirements for a high entanglement swapping quality are ex-
amined (single-photon emission, two-photon interference), and the actual experimental performance
is evaluated. In the end measurements are presented which verify the generation of entanglement
between two widely separated atoms.
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2. Experimental Setup and Atom-Photon
Entanglement

Hybrid entanglement between a massive particle and a photon has already been achieved for atoms
and ions in free space [26, 27], for atoms and ions in optical cavities [28, 29] as well as for ensembles
of atoms [30] and for nitrogen-vacancy centers [31].

Atom-photon entanglement (APE) is the basis for the more complex atom-atom entanglement pro-
tocol which is also presented in this thesis. Therefore, high-quality APE is an inalienable demand on
the experimental setup.

This chapter describes the generation and verification of entanglement between a single trapped
atom and a photon in two different experiments (the experiments are denoted as trapl and trap2).
The atomic system is introduced first, followed by basic theory of APE. Thereafter, the experimental
realization of such an experiment is illustrated using the example of trapl. A comparison of the
setups of trapl and trap2 is presented in appendix E. Finally, measurements are presented verifying
the entanglement in both experiments. A more detailed description of the generation of atom-photon
entanglement in this experiment is given in the theses [44, 45, 46].

2.1. The Atomic System

In this experiment Rubidium 87 (87 Rb) serves as massive particle for experimental realization of
hybrid entanglement. 87 Rb is an alkaline metal, and thus has a single electron in the outer shell. The
ground state is 5251/2, and its first excited state 52P is split into two levels 52P1/2 (D1) and 52P3/2
(D2) due to fine splitting. It has a nuclear spin of 3/2, which splits the ground state into two levels
F = 1and F' = 2, due to hyperfine interactions, and the first excited state into several levels which
will be denoted as I = N. Each level of the ground state and the excited states further splits into
Zeeman sub-states. The sub-states of the atomic ground and the excited states will be denoted with
|F, mp) and |F’, mp), respectively. A scheme of all relevant states of 87 Rb is presented in appendix
B.

87 Rb is well suited for the experimental purpose of atom-photon entanglement because it fulfills
all main requirements: It has a stable ground state, in which a qubit can be encoded, and its cooling
and entanglement transitions are at a wavelength of 780 nm which is easily accessible by state of the
art laser systems. Furthermore, photons of this wavelength are distributable over long distances via
optical fibers. In this experiment the qubit is encoded in the ground states 525, oo | =1, mp = £1).
This long-lived Zeeman sub-states are degenerated, if there is no external magnetic field. Together
with the excited state 52P3/2, |F" =1, mp = 0) they form a A-type system ideal for the generation
of atom-photon entanglement.

12



2.2. Basic Entanglement Generation

10,0)
5°P,, F'=0
o) lo™)
5’s F=1
" 11,41) 11,+1)
1) |T)

Figure 2.1.: A\-scheme for entanglement generation: If the atom decays to the state
|F =1, mp =—1), it emits a o (left-circular polarized)-photon and if it decays
to the state |F' =1, mp = +1), it emits a o~ (right-circular polarized)-photon. This
way a maximally entangled state is formed |UT) = %(|F =1, mp=-1)|o") +

|F' =1, mp=+41)|oc7)).

2.2. Basic Entanglement Generation

In order to generate entanglement between a single 87 Rb atom and a single photon, the atom is excited
to the state 52P3/2, |F" =1, mp = 0) by a laser pulse. Subsequently, it decays spontaneously to
the ground state 5251/2, F = 1), thereby emitting a single photon. In detail, if it decays to the
state | = 1, mp = —1), it emits a o (left-circularly polarized)-photon and if it decays to the state
|FF =1, mp = +1), it emits a o~ (right-circularly polarized)-photon (see figure 2.1). For a decay
into |[F' = 1, mp = 0) the atom emits a 7-polarized photon which has a polarization linear along the
quantization axis (z-axis). All three decay channels occur with the same probability.

In the experiment the single photons are collected with an objective, which experimentally defines
the quantization axis, and coupled into a single mode fiber. It is important for the generation of entan-
glement that m-polarized photons can not couple into the single mode fiber (for detailed discussion see
[45]). Thus, only o*photons can be detected by this arrangement. Without any further interactions
with the environment both detectable decay channels are in a coherent superposition, and therefore
form a maximally entangled state:

1
V2
In qubit notation the atomic states |[F' =1, mp = —1) and |F' = 1, mp = +1) are defined as ||),

and |1), respectively, and the o~ -photon and o -photon will be denoted by R and L, respectively.
In this notation |¥™") is given by

|0F) = —=(F=1,mp=-1) o) +|F =1, mp=+1) |c7)). 2.1)

1

|\II+> = V2

(). 1L) + 1) [R)). 2.2)

The entangled state can easily be expressed in any basis state of the Pauli operators 7, 7, and 7,
(see appendix D).
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2. Experimental Setup and Atom-Photon Entanglement

hw,+2AE

Figure 2.2.: Light shift of a two level atom which passes a red detuned laser light field with Gaussian
shape. It forms a conservative potential for an atom.

2.3. A Trap for Single Atoms

In all subsequently described experiments a single 8" Rb atom at a well defined location is needed
which is also shielded from the environment as good as possible. Therefore, a single atom is trapped
in an optical dipole trap inside an ultra-high vacuum (UHV) camber. The loading into the dipole trap
is performed by a magneto optical trap (MOT).

In the following subsections the experimental realization of vacuum system, dipole trap, MOT,
required laser system and optical setup are illustrated.

2.3.1. Optical Dipole Trap

This experimental realization of an optical dipole trap consists of a single strongly focused Gaussian
laser beam [47, 48]. The variation of the beam intensity in x-, y- and z-direction introduces a position
dependent shift, called AC-Stark shift, of the atomic states. The direction and magnitude of this shift
are determined by the detuning of the laser beam from the atomic transition frequency A = w4 — wy,,
where w4 is the atomic transition frequency and wy, the frequency of the laser beam, and the local
intensity of the laser beam. The shift can be calculated by diagonalizing the interaction Hamiltonian:

h| —2A Q
’H_E[ O 0}. (2.3)
For Qy < |A| the energies are shifted by
hQ2
AE=5-2 24

where ) :%dEO is the on-resonance Rabi-frequency with the atomic dipole moment d and the
amplitude of the electric field Ej.

For red detuning (A > 0) the ground states are shifted down (see figure 2.2) forming a attractive
potential for an atom. Note that this is a conservative potential. It can only trap atoms which are
additionally cooled during their transit through the dipole trap region.

The experimentally realized dipole trap (trap1) uses laser light at a wavelength of 851 nm. The light
is guided trough a single mode fiber to achieve a Gaussian mode profile of the laser beam in front of
the focusing optics, which focuses the beam down to a waist of wy = 3.5 ym with a Rayleigh range
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2.3. A Trap for Single Atoms

zr = 45 um. The laser power is set to be ~ 40 mW in front of the glass-cell, and causes a trap depth
Uop =~ 0.65 mK. The different intensity gradients in z- and x-, y-direction result in trap frequencies:

4Uy

Wry = 5 = 2m-22.7kHz (2.5)
m - ’U)O
and
20U,
w, = = 271.25kHy, (2.6)
m - ZR

where m is the mass of the atom (for detailed discussion seeVolz [45], Rosenfeld [46] and for data of
trap2 appendix E).

2.3.2. Vacuum System

The main limitation of the storage time of single atoms in a dipole trap are collisions with the back-
ground gas. In order to achieve long storage times, the background gas pressure has to be minimized
by an UHV setup. Here, a steel vacuum chamber with an attached spectroscopy glass cell (Hellma
GmbH & Co. KG) is used. The glass cell offers good optical access from all spatial directions. The
vacuum is maintained by an ion-getter pump (Varian StarCell, 24 !/s) guaranteeing a vacuum pressure
of < 1-107'%mbar. A built-in Rubidium dispenser serves as source for thermal Rubidium atoms.

2.3.3. Laser System

Nine different laser frequencies provided by six diode lasers are used to trap and manipulate a single
atom. The high power laser diode providing the light for the dipole trap does not require stabilization.
All other diodes are stabilized in frequency by a diffraction grating in Littrow configuration and FM-
lock technique (or locked by a frequency offset lock technique to a FM-locked laser). Acousto-optical
modulators are used to derive fine-tuned laser frequencies and to switch the beams. Figure 2.3 shows
a schematic of all applied beams and their relative frequencies.

2.3.4. Magneto Optical Trap

A magneto optical trap (MOT) both cools and traps atoms at the same time thereby creating a relatively
dense cloud of atoms, suitable for loading a dipole trap. The MOT consists of three pairs of counter-
propagating laser beams and a magnetic quadrupole field. The laser beams consist of laser light of
two different laser frequencies. The cooling beams (CL) are red detuned with respect to the closed
cycle atomic transition 5251, |F' = 2)— 52Py,, |F' = 3) and the repump beams (RP) are resonant
to the transition 5251, |F' = 1)— 5?Py,, |F' = 2), pumping atoms to the 5251, |F = 2) state, if
they have decayed to the 525, /o> | ' = 1) caused by off-resonant excitation.

Due to the Doppler effect [49, 50] the detuning of the cooling beam increases the scattering rate
of photons for atoms whose direction of motion is oppositely to the direction of propagation of the
respective beam. The directed momentum transfer from the photon onto the atom slows (cools),
but does not trap the atom. In order to create a spatial confinement, a magnetic quadrupole field
with a field gradient of 5™mG/cm is used. The magnetic field causes a position dependent shift of the
atomic Zeeman states which together with a circular polarization of the laser beams lead to a spatial
confinement of the atoms (see figure2.4) [51, 52].

The cloud of trapped atoms in this MOT has a diameter of ~ 1mm, and contains several 10000
atoms.
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Figure 2.3.: Schematic of the laser beams used and their wavelengths. All laser beams are generated
by diode lasers and tuned in frequency by acousto-optical modulators. DL — dipole trap
laser; CL— cooling laser; RP— repump laser; EXC — excitation laser; P1 — first pump
laser; P2 — second pump laser; DET— hyperfine detection laser; ST1— STIRAP 1 laser;
ST2— STIRAP 2 laser.
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Figure 2.4.: Space depended shift of the Zeeman states: The Zeeman states shift in the magnetic field
and thus a spacial confinement is generated together with the red detuned cooling light.
The frequency of the cooling light w7, is red detuned by a frequency A.
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2.3. A Trap for Single Atoms
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Figure 2.5.: Schematic of the trap setup. It shows the position of both microscope objectives relative
to the glass cell which is attached to the UHV-chamber. It also shows the propagation axes
of cooling (repump), dipole trap, atomic state readout (STIRAP) and excitation beams.

2.3.5. Optical Setup

The optical setup consists of two parts: The setup to trap and to manipulate the atom and the detection
setup. Both setups are connected by a series of optical single mode fibers as discussed below.

Trap Setup

All components of the trap setup are located outside the vacuum chamber, and thus are easily accessi-
ble (see figure 2.5). The core of the setup is an objective (Linos HALO) with a numerical aperture of
0.38 and a working distance of 30 mm (trap objective). It focuses the dipole trap beam, and collects
fluorescence light of the trapped atom thereby defining the quantization axis. The fluorescence light is
coupled into a single mode fiber which guides the light directly to the detection setup. On the opposite
side of the glass cell an identical objective is placed. It is used to focus the beams for the atomic state
readout (see 2.4.2). The excitation laser shines through the front of the glass cell - orthogonally to
the dipole trap beam. It is focused with a lens which has a focal length of 40 mm. The other laser
beams used for pumping and hyperfine detection are orthogonal to the excitation beams as well as
to the dipole trap beam. They would shine through the plain of the schematic of figure 2.5, and are
therefore not mentioned here.

Detection Setup

The main parts of the detection setup are four avalanche photo diodes (APD) (Laser Components
Count-20C) which are able to detect single photons. They have an average dark count frequency of
9.5 Hz and a quantum efficiency of about 0.5. The total experimental dark count rate as well as the
single photon detection probability of the setup is measured in section 2.5.

The detection setup also incorporates a 50 : 50 single mode fiber beam splitter which combines
the light of both experiments. Its input ports are directly attached to the fibers, which connect the
detection setup with the trap setups, and it guides the light into its two output ports (portl and port2)
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Figure 2.6.: Schematic of the detection setup. It shows the arrangement of the APDs and the polar-
ization analysis as well as the fiber beam-splitter which later combines the light of both
experiments.

(for a more detailed discussion see subsection 4.1.1). Behind both output ports of the beam splitter the
polarization of the light is analyzed by a setup consisting of a polarizing beam splitter cube (PBS) and
two APDs. A combination of a */2- and A/4-waveplate placed in front of each PBS allows polarization
analysis in arbitrary basis. Figure 2.6 shows a scheme of the detection setup.

2.3.6. Loading of a Single Atom into the Dipole Trap

In order to load a single atom into the dipole trap, the MOT and the dipole trap run simultaneously.
The center of the MOT overlaps with the focus of the dipole trap. The MOT cools the atoms, and
increases the atom density in the region of the dipole trap. Thus, it is possible to load single atoms
from the MOT into the dipole trap. Once an atom enters the dipole trap, scattered light can be collected
which leads to a step-like increase of the fluorescence count rate of the detectors (see figure 2.7). This
is registered by the main experimental control program which switches off the MOT.

It is important that this realization of an optical dipole trap can trap only one atom at a time due to a
collisional blockade effect [53, 48]. There is no need for an extra protocol to assure that only a single
atom is trapped. The temperature of the trapped atom is ~ 105 uK Volz [45].

2.3.7. Polarization Alignment of the Setup

The photonic qubit is encoded in the polarization of the photon as already discussed in section 2.2.
Therefore, it is inalienable that the polarization of an emitted photon is maintained until its analysis
in the detection setup. Particularly, atom-atom entanglement experiments require minimal polariza-
tion errors in order to achieve a high entanglement contrast. Thus, all polarization errors have to be
carefully compensated.

Generally, there are two kinds of polarization errors: Firstly, static polarization errors caused by the
birefringence of the glass windows of the vacuum chamber or slight misalignments of the detection
setup. Secondly, time variable polarization errors caused by the changing birefringence of the optical
fibers and the fiber beam splitter combing both traps with the detection setup. The detection setup
is aligned individually whereas the birefringence of the glass cell and the fibers are compensated
together in both setups.
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Figure 2.7.: Integrated count rate of single photon detectors. The average detector count rate is ~
1700 counts/s, if an atom is in the trap. There is a background count rate of ~ 400 counts/s,
if no atom is in the trap. The background count rate is caused mainly by reflections of
the cooling beams on the glass cell. The graph demonstrates also the fast reloading, if an
atom was lost and a long storage time of the atom inside the trap.

The short detection fiber of trapl (5 m) and the fibers of the fiber beam splitter are relatively stable,
and therefore compensated by hand such that the polarization of light is rotated by less than 1° on its
way from the front of the glass cell of the vacuum chamber to one of the output ports of the fiber beam
splitter. The long fiber connecting trap2 (30 m) to the fiber beam splitter is less stable, and thus its bire-
fringence is compensated by a polarization control which runs with an automatic control algorithm.
Due to its length the fiber has to be compensated every 5 minutes (a more detailed discussion of the
compensation algorithm is presented here [54, 46]). All further polarization errors are compensated
with the A/2- and »/a-waveplates in the detection setup with according to test measurements.

2.4. Entanglement Generation and Verification

This section discusses the experimental realization of APE generation and verification. The sequence
required for entanglement generation is presented first, followed by the verification process which
differs for both traps. Finally, the evolution of atom-photon correlations are discussed in case the
basis, in which both qubits are analyzed, are rotated against each other.

2.4.1. Entanglement Generation

After registration of fluorescence due to an atom inside the dipole trap, the entanglement generation
starts by optically pumping the atom into the state 5251/2,|F =1, mp = 0). This is done by three
different laser beams. The cooling- and the pumpl-beam pump the atom to the state |F' = 1) but
without any preference of the Zeeman state |mpr = 0). For that reason an additional laser beam
labeled pump2-beam is used. It is resonant to the transition 5251 ,,|F' = 1)—5Py,,|F' = 1) and
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Figure 2.8.: Scheme of the pumping transitions: CL stands for the cooling beam, P1 stands for the
pumpl beam and P2 stands for the pump2 beam.

m-polarized. Thus the state 5251/2,\F =1, mp = 0) is a dark state for that laser beam. This laser
combination allows efficient pumping of the atom into the desired state (see figure 2.8). The pumping
takes about 6 us for the first pump process after a cooling period and about 4 us for all subsequent
pump processes.

After the pumping process the atom is excited to the state 52P3/2,|F "= 0, mp = 0) by an optical
pulse. In the subsequent spontaneous decay the atom emits a single photon whose polarization is
entangled with the Zeeman state of the atom (see 2.2). The photon is collected by the trap objective,
and guided to the detection optics by a single mode fiber. The overall probability for detecting a single
photon in a 120 ns time-window after excitation is experimentally determined in subsection 2.5.1.

In this experiment the pumping and excitation procedure is repeated 20-times before the atom
is cooled for 200 ps in order to counteract heating, which occurs during the pumping process. This
leads to a repetition rate of 50 KHz (note that a normal pumping and excitation process takes 5740 ns).
Figure 2.9 a) shows the timing of the pumping and excitation process. This procedure is repeated until
the atom is lost, or a single photon is detected within the desired 120 ns time-window after start of the
excitation pulse. In this case the entanglement verification scheme is triggered by the photon signal.

2.4.2. Entanglement Verification

In order to verify entanglement the polarization of the photon as well as the spin of the atom must be
analyzed.

Photon State readout

The analysis of the polarization state of the photon is performed by a PBS with subsequent photon
detection by APDs. A PBS transmits horizontally polarized light, and reflects vertically polarized
light. The APD behind each beam splitter output port detects single photons thereby projecting them
onto a certain polarization state. A combination of a »/2- and »/4-waveplates in front of the PBS allows
to select any desired basis for the analysis.
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Figure 2.9.: Timing of laser beams: a) shows the timing of the preparation and excitation process as
well as the cooling period which takes place after 20 atom excitations. b) shows the laser
timing of the atomic state readout scheme of trap1. ¢) shows the laser timing of the atomic
state readout scheme of trap?2.

Atom State readout

The detection of the atomic spin state is triggered by the detection of a single photon in the 120 ns
time-window after excitation. It is based on a scheme, in which the atom is pushed out of the dipole
trap, if it is in a certain qubit state, and stays in the trap, if it is in the orthogonal state. This method
makes use of the weak trapping potential of the dipole traps compared to ion traps, and consists of
two steps:

Stimulated Raman Adiabatic Passage

The stimulated Raman adiabatic passage (STIRAP) transfers any chosen superposition of the qubit
states 5251/2,|F =1, mp = %1) to the |F' = 2) hyperfine state [55, 56, 57]. The transfered superpo-
sition is hereafter referred to as bright state, and the orthogonal one, which stays in |F' = 1), will be
called dark state. The STIRAP is realized by two light fields (STIRAP1, STIRAP2). Each light field
resonantly couples one hyperfine state to the same excited state 52P1/2, F’' = 1) (see figure 2.10 a))
with the respective Rabi-frequencies €21 and {25. The Hamiltonian of this system can be written as

A 0 9 0
H="lon 0 0. @7)
0 Q9 O

The most interesting of the three eigenstates of this Hamiltonian is given by the following term:

1

as it contains no contribution of the excited state |F" = 1). The population of the two states |F' = 1)
and |F' = 2) in | V) only depends on the two Rabi-frequencies. Note, the population of the |F' = 1)
depends of the STIRAP2 light flied coupling |F' = 2) to the excited state and vise versa. Thus, by
adiabatically switching on the STIRAP2 light flied and then adiabatically changing the ratio 8—; of
both light fields from 0 to oo, it is possible to transfer the population from |F' = 1) to |F' = 2) without
populating the excited state.

Uy) = (Q|F=1)—Q |F =2)) (2.8)
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Figure 2.10.: a) Scheme for STIRAP transition: Q; is resonant to the transition

5251/2,|F = 1>—>52P1/2,|F’ =1) and €y is resonant to the transition
5281, |F = 2)—=5%Py,,|F' = 1), respectively.  b) Temporal shape of both STI-
RAP pulses. The relative peak intensity of both pulses is chosen such that both pulses
have almost the same Rabi-frequency.

In this process the polarization of the STIRAPI light field defines the dark state. The light polar-
ization can be written as a superposition of o™ and o~ polarization:

Ps; = cos(a)ot + ' sin(a)o ™, (2.9)

This results in the atomic dark state:

|[Up) =cos(a)|F =1, mp=+1) + et sin(a) |F =1, mp = —1) (2.10)

The STIRAP light shines onto the atom from a direction opposite to the dipole trap, and thus parallel
to the axis, in which the photons are collected, defining the quantization axis. The polarization of the
light field is adjusted by a A/2- and a A/4-waveplate placed in front of the microscope objective which
focuses the STIRAP light. An additional phaseplate compensates the birefringence of the glass cell.
The temporal shapes of both STIRAP laser pulses used in this experiment are plotted in figure 2.10
b). The STIRAP1 pulse has a full width half maximum (FWHM) length of 60 ns and the STIRAP2
pulse of 25 ns, respectively.

Hyperfine State Detection

Subsequently to the STIRAP follows the detection of the hyperfine state of the atom. Here, a laser
pulse (detection laser, see figure2.3), which is resonant to the cycling transition 5251/2,|F =2)—
52P3/2,|F " = 3), pushes the atom out of the dipole trap, if it is in the bright state. The momentum
transfer of the photons from the laser beam shining onto the atom for 30 us is sufficient to push the
atom out of the trap. Thereafter, the cooling light is switched on again to check whether the atom has
been pushed out or stayed in the trap. The cooling light shines onto the atom for about 60 ms, which
is long enough to distinguish by the integrated count rate of the single photon detectors whether the
atom is still inside the trap or not (see figure 2.11).

The described scheme is used for all experiments with trap1. In the experiments with trap2 a newly
developed , advanced method is used which is based on a state selective ionization of the atom. Here,
a laser which is resonant to the transition 525 ,,|F' = 2)—5%Ps),,|F' = 3) is used to excite the atom,
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Figure 2.11.: Histogram of the fluorescence count-rate after STIRAP and hyperfine state detection.
The peak centered around 15 counts consists of background counts and signals that the
atom is not in the trap anymore. The other peak ,centered around 62 count, consists
mainly of fluorescence counts and signals that the atom is still in the trap. The threshold
discriminating between an atom in the trap or not is chosen to be at 38 counts.

and an additional laser at a wavelength of 445 nm ionizes it from the excited state. The ion can not be
trapped by our laser system, and therefore will get lost. This scheme is much faster and more efficient
than the conventional one. The ionization takes only 500 ns, and is limited only by the power of the
laser at 445 nm. After ionization the procedure for fluorescence detection is applied like in trapl.

In this work the atom is always analyzed in linear basis. Therefore, it is sufficient to define the
combination of STIRAP and hyperfine state as projection of the atom onto the state

cos(y) [ 1) +sin(y) [4s) . @.11)

where 7 is the angle of linear polarization of the STIRAP light flied, which defines the measurement
basis. Note, the angle of the corresponding orientation of the atomic spin is 2. The combination of
STIRAP and hyperfine state detection allows a high-fidelity atomic state read out, and in combination
with the photon state readout a high-fidelity atom-photon entanglement verification.

2.4.3. Atom-Photon Correlations

In order to verify the entanglement atom-photon correlations are measured by keeping the photon state
measurement basis constant and rotating the A/2- waveplate which defines the atom state measurement
basis. The detection optics behind both output ports of the fiber beam splitter analyzes the photon state
in two different bases. Correlations between the orientation of the atomic spin and the photon spin
are observed by registering event numbers /N ggfs), where S, S’ are the eigenstates of the atom and
photon spin along their individual measurement directions which are defined by v = 25 (atom) and §

(photon). Thus, the measured correlation probabilities cp = %(NT(?‘S) + NS"S)) and anti-correlation

probabilities acp = %(NT(X"S) + N g’é)) of the entangled state have following evolution:

cp = %(1+VCOS(2(’)/—5))), (2.12)

1
acp = 5(1+Vcos(2(7—5+900)), (2.13)
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Figure 2.12.: a) shows the probability to detect a photon after an excitation attempt as a function of the
power of the excitation laser pulse. The chosen power is 32 W (dotted line). b) shows
the survival probability for the atom in the trap after illumination with the detection laser,
which gives information about the ratio of off-resonant excitations.

where V is the visibility of the entangled state.

2.5. Experimental Results

In this section the ideal power of the pulse exciting the atom and the resulting single photon detection
probability after an excitation attempt are experimentally determined as well as the dark count prob-
ability of the detectors which derogates all further measurements. Finally data are presented which
prove the generation of high fidelity atom-photon entanglement in both experiments.

2.5.1. Single Photon Detection Probability after an Excitation Attempt

In order to determine the single photon detection probability after an excitation attempt, the experi-
ment is run as described above (see subsection 2.4.1), but with the STIRAP beams blocked. The detec-
tion laser is used to identify whether the atom decayed to the state | ' = 1) or to| F' = 2). This allows
the estimation of the ratio of off-resonant excitation. During the measurement the maximal power of
the excitation pulse is varied from 0.1 uW to 88 W (measured outside the glass cell), and the single
photon detection probability is registered for each setting. Graph 2.12 a) shows the measured photon
detection probability per excitation trial as a function of the maximal power of the excitation light.
The detection probability rises until the excitation pulse has a maximal power of 38,5 pW. At this
point the probability to detect a single photon after a excitation attempt is p;h =np/ns, = 1-1073,
where the 7, is the number of detected photons at measurement setting s and ng,. is the number of
excitation pulses at the same setting. Thereafter, the probability gets smaller again. This is mainly
caused by Rabi-oscillations reducing the population of the excited state. The maximal power of the
excitation beam is chosen to be 32 W in all further experiments as a compromise between excitation
probability and unwanted effects like off-resonant excitation which occur at higher powers as shown
in the next passage. This excitation power results in a detection probability of p;i“ W = 0.995 - 1073,

Off-resonant excitations to higher excited states have to be avoided as it would lead to spurious
emission of photons which are not entangled with the atom in the desired way. The direct exci-
tation 52S1,.|F = 1, mp = 0)=5Py),, [F' = 1, mp = 0) is forbidden by selection rules, but due
to imperfect pumping off-resonant excitation via the transition 5251/2,|F =1 mp= :|:1>—>52P3/2,
|F" =1, mp = +1) is possible. Excitation to the state |F’ = 2) is also possible although with a
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Figure 2.13.: Histogram of the photon detection times for three different power of the excitation laser
pulse: 1.7 uW (red), 32 uW (blue) and 88 uW (green). The areas of the histograms are
each normalized to 1.

smaller probability due to larger detuning. If the atom is excited to the state 52P3/2,|F "=1) via the
described transition, it may decay to the state |F' = 2) instead of |F' = 1) with a probability of 0.12.
By removing the atom from the trap using the detection laser, the relative probability of this process
can be estimated. Graph 2.12 b) shows a measurement of the survival probability of the atom inside
the trap after detection of a single photon over the maximal power of the excitation pulse. This allows
calculation of the probability of off-resonant excitation for low powers of the excitation pulse. At
high excitation powers the off-resonant excitation to higher excited states increases changing also the
probability for a decay to the state |F' = 2) instead to |F' = 1).

In graph 2.12 b) the survival probability is not 1, even for small powers of the excitation laser.
This is not caused by off-resonant excitation but by the finite probability to loose the atom during
the excitation or detection process due to heating or collision with background gas. Thus, the loss
probability plo.mw = 0.003 % 0.0003, which is measured for a maximal power of the excitation
pulse of 0.1 W, can be subtracted. The chosen power of the excitation laser of 32 4W has already
a probability for off-resonant excitation of 0.02. At higher powers the probability for off-resonant
excitation would rise considerably without significant gain of the single photon detection probability

after an excitation attempt.

The maximal power of the excitation laser pulse also influences the relative, time depended prob-
ability to detect a photon. In a first approximation this can be interpreted as the shape of the photon
wave packed. Histograms of the time dependent detection frequency of single photons are plotted in
graph 2.13 for measurements with three different powers of the excitation laser pulse. For a maximal
power of 1.7 W the rising edge is less steep than for higher powers due to the smaller Rabi-frequency.
The falling edge is determined by the exponential decay of the excited state. The histogram for a max-
imal power of the excitation laser pulse of 32 W has a steeper rising edge, while the falling edge is
still determined by the exponential decay of the excited state, which means that the population of the
excited state is not reduced by Rabi-oscillations. This occurs for a maximal power of the the exci-
tation pulse of 88 uW. Here, the rising edge is the steepest but the excitation pulse also reduces the
population of the excited state again due to Rabi-oscillations, and thus reduces the overall excitation
probability.
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APD dark count probability pilc 1076,
APDq; 0.882 £0.016
APDy 0.374 £0.011
APDy; 1.551 £0.021
APDy 0.886 £ 0.016

Table 2.1.: Probability p%. (withi € {1 1,1 ]/,2 L,2 ||}) to detect a dark count in the 120 ns time
window after an excitation trial for all detectors. The overall dark count probability within
a single detection window is pg. = (3.69 £ 0.03) - 1076,

2.5.2. Dark Counts

In order to measure the dark count probability in the 120 ns time window, in which a single photon
is expected, the experimental scheme described above is used, but the atom state readout is skipped
and the excitation light is blocked. This way the experimental probability to detect a dark count after
an excitation attempt can be estimated which includes all contributions from residual errors like light
from the pumping process. The probability to detect a dark count in this time window is listed in table
2.1 for each detector. The overall dark count probability of pg. = 7dc/n.. = (3.69 £ 0.03) - 1076,
where ng. is the number of detection events in the time window, is more than two orders of magnitude
lower than the single photon detection probability per excitation attempt (see 2.5.1). Therefore, it has
only minimal effect on atom-photon entanglement fidelity but is still important in the experiments
which are described in the following chapters.

2.5.3. Atom-Photon Entanglement

In this section the experimental verification of atom-photon entanglement (APE) in both setups is
presented. The data demonstrate that high APE visibilities (peak-to-peak amplitude of a atom-photon
correlation measurement) with minimal phase shifts can be generated on demand.

After the entanglement is generated as described in subsection 2.4.1, atom-photon correlations are
measured by keeping the photon state measurement basis constant and rotating the A/2- waveplate
which defines the atom state measurement basis (see subsection 2.4.3). The waveplate is rotated by an
angle 5 = 0°...90° in steps of 5.625°. The detection optics behind both output ports of the fiber beam
splitter analyzes the photon state in two different bases: the H/V-basis (6 = 0°) and the P/M-basis
(6 = 45°), respectively. In order to minimize polarization errors in the photon analysis, all errors have
been carefully compensated as describes in subsection 2.3.7.

The experimental results for entanglement verification are presented in figure 2.14 a) for trapl and
in figure 2.14 b) for trap2, respectively. Here, the photons behind port2 of the fiber beam splitter
are analyzed in the H/V-basis and behind portl in the P/M-basis. Thus, entanglement was analyzed
in two bases in one measurement. The correlation measurements of trapl (trap2) show a visibility
of V% = 0.867 + 0.008 (V") = 0.903 4 0.005) in the H/V-basis and of V;**") = 0.872 +

0.007 (V1(45O) = 0.891 &£ 0.006) in the P/M-basis, respectively. The residual phase shifts caused by
polarization errors are 0.26 £ 0.43° (2.66 + 0.26°) in the H/V-basis and 0.35 £ 0.33° (1, 53 +0.26) in
the P/M-basis. The phase shift of trap2 can be further minimized by rotating the STIRAP waveplate
of trap2.

Note, all measurements on both traps are performed with the same photon detection setup. For the
verification of entanglement in trap2 the photons are guided to the detection optics via a fiber with
a length of 30m (for more information see section 4.5). Note that these visibilities are measured

26



2.6. Summary

T35 > 45 90 135 180
atomic anaysis angle y [°] atomic anaysis angle y [°]

Figure 2.14.: Verification of entanglement in both traps. The graphs show the measured correlation
and anti-correlation probabilities in the H/V-basis p. (black), p,. (yellow), and the P/M-
basis p. (blue, dashed lines), p,. (red, dashed lines) as a function of the respective
atomic analysis angle . a) Verification of entanglement in trapl. The visibilities are
of V%) = 0.867 4 0.008 in the H/V-basis and of V;**") = 0.872 4 0.007 in the
PM-basis, respectively. b) Verification of entanglement in trap2. The visibilities are of
V%) = 0.9030.005 in the H/V-basis and of V,;*>") = 0.8910.006 in the PM-basis,
respectively

under the same conditions as the later presented atom-atom entanglement visibility. In particular, any
reduction of the visibilities because of finite coherence of the entangled states contribiutes in the exact
same amount to the atom-photon entanglement visibilities as to the atom-atom entanglement visibility
measured in the following. The time between the single photon emission and the atom state readout
is the same for all these measurements. Any further information about the coherence of the entangled
state is given in [54].

2.6. Summary

In this chapter the generation and verification of atom-photon entanglement in two different setups
was characterized. The experimental generation and verification of entanglement was illustrated, and
finally experimental results were displayed which show high correlation visibilities. The average
visibility of trapl is V, = 0.87 and of trap2 V, = 0.897, respectively. These results prove that APE
can be reliably generated in both operating traps, and is ready for use in the following experiments.
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3. An Atom as a Pulsed Single Photon
Source

The two-photon interference and atom-atom entanglement experiments to be presented in the oncom-
ing chapters of this thesis ideally require photon sources which emit only a single photon at a time.
The single atom, used in this experiment, is in principle a perfect single photon source. It emits a
single photon during its spontaneous decay from an excited state to a ground state, and can not emit a
second photon before it is re-excited. In a previous work this characteristics was proven for the intro-
duced experimental setting [44]. However, a later demonstration of two-photon quantum interference
and atom-atom entanglement imposes additional and more strict specifications for the single photon
source (see chapter 4 and 5). The photons have to be emitted via a certain decay path as described in
chapter 2, and in addition only one photon must be emitted within a 120 ns time window after atom
excitation.

Until now, single photon emission has been demonstrated for many different sources. It was demon-
strated for atoms [58] and ions [59] as well as for bulk sources like N/V-centers in diamond [60],
quantum-dots [61] and molecules [62]. Single photon sources are most important for many quantum
communication protocols [17, 63] as well as for many quantum cryptography protocols [64].

On the following pages detection-time statistics of photons emitted by a single atom are investigated
in order to estimate the quality of this pulsed single photon source. In addition theoretical descriptions
of all main causes of two-photon emission are included. All data presented in this chapter is based on
measurements with trap1, but the results are also valid for trap 2, due to the fact that both setups are
identical in all relevant aspects.

3.1. Pulsed Atom Excitation and Photon Emission

As already mentioned in chapter 2.2, in this experiment entanglement is generated between the spin
of an atom and the polarization of a spontaneously emitted photon. Therefore, the atom has to be
excited to the state 52P3/2,\F’ =0, mp = 0) by a laser pulse, before it decays to the ground state,
and entanglement is generated due to coherent superposition of two possible decay channels. This
scheme uses a pulsed atom excitation in order to avoid multiple excitations.

A pulsed atom excitation also provides a timing signal which allows the determination of the de-
tection time of the emitted photon relative to the excitation attempt. This is most important for it
allows the computation of histograms which show the normalized detection frequency of photons
against the detection time (see figure 2.13). These histograms correspond to the temporal distribution
of the detection probability of the single photon wave packet, if only a single photon is emitted per
excitation attempt. The length of the photon wave packet is defined by the length and power of the
excitation pulse and the lifetime of the excited state. The detection probability for the single photon
wave packet can also be computed, in case the temporal shape of the excitation pulse is known which
is fundamental for many further calculations.

In this experiment the excitation pulse has an almost Gaussian shape, mainly defined by the time
response of the employed acousto-optic-modulator (AOM) (see figure 3.1 a) (red)). The bandwidth
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Figure 3.1.: Excitation pulse and detection time histogram: a) temporal shape of the optical excitation
pulse measured by a fast photodiode (red) and the fitted Gaussian pulse used in calcu-
lations (blue). b) normalized histogram of the photon detection times (red dots) which
corresponds to temporal distribution of photon detection probability which is calculated
and fitted to the histogram (blue line).

of the driving electric signal is slightly decreased by a 10.7 MHz low pass filter accentuating the
Gaussian-like shape of the optical pulse. The optical excitation pulse has a full width half maximum
length (FWHM) of 21.65 ns. The stated length is derived by fitting a Gaussian to the temporal shape
of the pulse (see figure 3.1 a) (blue)).

The knowledge of the temporal shape and power of the excitation pulse and of the atomic properties
of 87 Rb allows calculations of the temporal distribution of the photon detection probability using
Liouville equations (see appendix F). By using only the intensity of the excitation pulse at the location
of the atom and its delay to the trigger pulse, the calculated photon detection probabilities can be fitted
to the normalized histogram of the photon detection times. The result is plotted in figure 3.1 b). It
provides a delay of the center of the excitation pulse to the trigger of ¢y = 501.9 = 0.1ns and a
maximal pulse power of [p = 14.58 £ 0.09 uW (these values are regarded as given in all further
calculations).

The estimated value of the maximal power of the excitation pulse is smaller than the measured
value of 32 uW (see subsection 2.5.1). The difference is caused by reflections at the glass cell and the
fact that the waist of the laser beam is not exactly known at the location of the atom.

3.2. Two-Photon Emission

If an excitation pulse is not extremely short compared to the lifetime of the excited state, there is a
finite probability that the atom has already decayed to the initial state while the excitation pulse is
still present. In that case it might get excited a second time, and thus more than just one photon per
excitation pulse is emitted and detected. These two-photon emission events can not be distinguished
from photon coincidence detections caused by two atoms, each emitting a single photon. Therefore,
two photon emission events must be avoided in two-photon interference experiments.

In this experiment the FWHM of the excitation pulse (21.65 ns) is of the same order of magnitude
as the lifetime of the excited state of the atom (26.23 ns) which causes a non-negligible probability of
two-photon emission events. Shorter pulses can not be applied because the Fourier broadening of the
spectrum of the excitation pulse would lead to a higher rate of off-resonant excitations. This would
reduce the atom-photon entanglement fidelity, because the photons would not originate from the de-
scribed A-decay scheme (see subsection 3.2.2). Longer pulses would increase the probability for emis-
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Figure 3.2.: Relative excitation probability of excited state 52P3/2,|F = 1) for cw-excitation over the
detuning of the excitation laser. It is possible to excite this state by laser light resonant
to the transition 5%Sy,,|F = 1, mp = £1)—52 Py, |F' = 0mp = 0) due to a residual
overlap of the Lorenz profile of the excited state and the laser wavelength of ~ 0.07.

‘ label ‘ detector combinations ‘

D+ | APD;, and APD1|| APDy, and APDQH
D— APDlL and APD2|| APDlH and APDQl
Do APD1|| and APDQH APDq and APD> |

Table 3.1.: This table shows certain detector combinations which are summarized under new labels
for easy reference in the oncoming chapters.

sion of a second photon via the transition 52S1,.|[F =1, mp = £1) =52 Py, |F' = 1mp = £1)
due to the residual overlap of the excited state with the central wavelength of the excitation pulse
(see figure 3.2). Long pulses also increase the probability of excitation via the transition 5251/2,
|[F =1, mp = £1)=52Py, |F' = 0mp = 0) due to imperfections in the excitation pulse polariza-
tion (see subsection 3.2.1). The chosen excitation pulse length is a compromise between both effects,
which minimizes direct off-resonant excitations (see figure 2.12 b)), but can not exclude all two-
photon emission events.

Two-photon emission events are detected as two-photon coincidences within a 120 ns time window
with a set of four APDs (see figure 2.6). There are six different combinations, in which the two
photons can impinge on different detectors, and thereby be both detected. The six combinations can
be further summarized into three pairs of detector combinations (D+,D— and Do) listed in table
3.1, which become important, if the arrangement is used for Bell-state measurements. The first two
of these detector combinations D+ and D— correspond each with a projection of two interfering
photons onto a Bell-state, whereas the detector combinations D@ don’t correspond to any Bell-state
projection as will be discussed in chapter 4. The four detectors are not photon number resolving.
Events, at which both photons impinge on the same detector, can not be registered.

The following subsections describe the main types of two-photon emission events.
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Figure 3.3.: Two-photon emission due to imperfect alignment of the polarization of the excitation light
(type I). 1) shows the spontaneous decay of the atom after first excitation and generation
of atom-photon entanglement. 2) shows the second excitation due to the residual compo-
nents of wrong polarization of the excitation light and 3) shows the second spontaneous
decay of the atom via the same transition as the first decay. Here, the photon might also
be m-polarized. This decay is not considered.

3.2.1. Two-Photon Emission due to Imperfections of the Polarization of the
Excitation Light (type I)

One of the two main reasons for two-photon emission events is a imperfect alignment of the polariza-
tion of the excitation beam. This is caused by birefringence of the glass-cell and errors in the angle of
incidence of the excitation beam. Consequently, it is not perfectly orthogonal to the quantization axis.
These polarization errors enable the transitions 5251 ,,|F = 1, mp = +1)—=5% Py, |[F' = 0mp = 0),
and thereby the possibility to excite the atom a second time (see figure 3.3). This second excitation
excites the atom to the very same state as the first excitation, and the atom decays a second time via the
same decay channels. Therefore, entanglement between the second photon and the atom is generated,
if the second photon is not w-polarized. The probability for emission of a 7w-polarized photon after the
second excitation is 1/3 and given by the Glebsch-Gordan coefficients.

At this kind of two-photon emission the probability for a second excitation depends on the polariza-
tion of the first photon. Only if the atom decays into a state, which can be excited by the polarization
of the excitation light, a second excitation becomes possible. Therefore, the two photons show po-
larization dependent correlations. In at least one basis of photon analysis there should be an unequal
distribution of two-photon coincidences. However, these correlations do not change the statistics of
D—, D+ and D@. A combination of detectors, which shows less coincidences, is always combined
with a combination, which shows more of coincidences. This equal distribution is further referred to
as white noise.

Calculations with a quantum jump model based on optical Liouville equations (see appendix F) can
predict the probability of emitting two not 7-polarized photons by this type of two-photon emission
event with respect to the ratio of polarization errors. As example: If the polarization is linearly
rotated by 1°, the possibility to emit a second photon, if a first one has already been emitted, is
Ptp—1 = 0.0025.

3.2.2. Two-Photon Emission due to Off-Resonant Excitation (type 1I)

The second main cause for two-photon emission events is an off-resonant excitation via the transition
528y, |[F =1, mp = £1)— 5Py, |[F’ = 1mp = +£1) after the first decay (see figure 3.4 1) and
2)). Due to the small distance of only 72 MHz between the levels |F’ = 0) and |F” = 1) and the
Lorentzian shape, there is a non negligible overlap between the level | F” = 1) and the Fourier broad-
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Figure 3.4.: Two-photon emission via off-resonant excitation (type II). 1) shows the spontaneous de-

cay of an atom after first excitation and generation of atom-photon entanglement. 2)
shows the second off-resonant excitation to the state |F” =1). 3) shows the second
spontaneous decay of the atom. The decays, where a m-polarized photon is emitted,
are not considered. a) shows the decay to the state |F' = 1). The two emitted photons
form an entangled state |U");,. b) shows the decay to the state |F' = 2, mp = 0). The
two emitted photons form an entangled state |¥™);,. c) shows the decay to the states
|F' =2, mp = £2). Here the photons form a partially mixed state pyp.

ened excitation pulse, which results in the possibility to excite the atom a second time (see figure

3.2).
After the second excitation the atom decays to the |F' = 1) or the |F' = 2) ground state, thereby

emitting a not 7-polarized photon with a probability of 8/15 determined by Clebsch-Gordan coeffi-
cients. If the two emitted photons are both not m-polarized, they form different two-photon states
depending on the decay channel of the atom. The relative probabilities of these two-photon states are
also determined by Clebsch-Gordan coefficients. Their full derivation is shown in appendix C. The
three two-photon states are the following:

a)

b)
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With a probability of p, = 0.781 the atom decays into the state 525, /2 |F' =1, mp =0)
(see figure 3.4 3 a)). Here, the two photons form a polarization entangled state. Note,
a photon scattered this way has the same center frequency as the photon emitted in the
regular A-decay - although the transition itself has another center frequency.

Uy = (R + LhIR):)

_ %(\H>1!H>2+!V>1\V>2)-

5

With a probability of p, = 0.031 the atom decays into the state 5251/2, |F'=2, mp =0)
(see figure3.4 3 b)). In this case both photons form an entangled state, which is orthogonal



3.2. Two-Photon Emission

Figure 3.5.: Two photon due to a first decay into the initial state (type III). 1) shows the sponta-
neous decay of the atom into the initial state 52P3/2,|F = 1mp = 0) and the emission
of a m-polarized photon which can not be detected by our detection setup. 2) shows the
second resonant excitation via the transition as the first excitation. 3) shows the sec-
ond instantaneous decay of the atom to the states 52P3/2,\F = 1mp = £1), thereby
generating atom-photon entanglement. Here, the atom might also decay to the state
52P3/2,\F = 1mp = 0). This decay is not considered in the figure.

to the first one due to opposite sign of the Clebsch-Gordan coefficients.

)y = 5(RnIL): = LlR):)

_ %(\H>1!V>2—W>1!H>2)-

5

c) Finally, with a probability of p. = 0.188 the atom decays into one of the two states
5251/2, |F =2, mp = £2) and a partially mixed state is formed (see figure 3.4 3 ¢))

1 1
prp = S |L01|L)2 (L1 ({Ll2 + SR [R)2 (R (Bl2.

These considerations predict that coincidence detections caused by these two-photon emission events
have different probabilities for the detector combinations D+,D— and D, if analyzed in different
photon measurement basis. This effect is further referred to as colored noise. Calculations with the
quantum jump model (appendix F) show that in case a first photon has already been emitted, a second
not 7-polarized photon is expected to be emitted due to off-resonant excitation with a probability of
Pip—11 = 0.0048. This is on the same order of magnitude than the two-photon emission events caused
by an imperfect adjustment of the polarization of the excitation light.

3.2.3. Two-Photon Emission due to a first Decay into the Initial State (type III)

Events, where the atom decays to the ground state 52P3/2,|F = 1mp = 0) and thereafter is excited
again via the same transition like the first time, never cause coincidence detections because the first
photon is w-polarized, and can not be detected by the detection optics (see figure 3.5). Still, they
significantly decrease the two-photon interference contrast as shown in detail in chapter 4. However,
they do not decrease the atom-photon entanglement fidelity because the detectable second photon is
perfectly entangled with the atom. This effect is the by far most common two-photon emission event.
Calculations show that the probability for detecting a photon emitted this way instead of a single
photon event is pgp_111 = 0.052.
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3. An Atom as a Pulsed Single Photon Source

3.2.4. Two-Photon Coincidences Caused by Dark Counts

A detection event, where a single photon and a detector dark count appear in the same time window,
is not a two-photon event in the common sense, but can not be distinguished in experiment from
any other coincidence detection, and like other two-photon emission events it also decreases the two-
photon interference contrast. The probability to detect such an event can be derived from the dark
count rate of each detector py. (see table 2.1) and their individual single photon detection probability
after an excitation attempt p,;,. It can be calculated by the following expression for any detector
combination: N ‘ _

ngce = ptzicpi;h + pfjcp;;hv (3])
where ¢ # jandi,j € {1 L,1|,2 L,2 ||} stand for the different detectors.

The single photon detection probability varies for every measurement caused by a slightly different
overlap of detection fiber and dipole trap and by a varying coupling efficiency of the light into the
detectors. Therefore, the dark count caused coincidence detection probability is calculated for every
measurement separately taking into account the actual single photon detection probability. It is on the
same order of magnitude as the two-photon emission probability of events of type I and II, and almost
the same for all classes of detector combinations (D4, D—, D@). Detection events with two dark
counts but no photon are negligible.

3.3. Characteristics of a Pulsed Single Photon Source

The quality of a pulsed single photon source is best ascertained by determining the probability to
emit more than one photon per excitation attempt. This is done by measuring correlations of photon
detection times. In such a measurement the atom is excited in a pulsed way, and photons in a fixed
120 ns time window after the excitation pulse are registered. The detection time difference of each
two-photon coincidence is calculated with respect to that data for each detector combination resulting
in histograms, which display the detection time differences of all coincidences. Such histograms
show multiple peaks at constant intervals. The middle peak of each histogram (henceforth labeled
peak = 0) gives the number of two fold coincidences after an excitation pulse. The two neighboring
peaks then give the number of events where the event in detector ¢ is registered before (peak = —1)
or after (peak = +1) the one in detector j. The distance between these peaks corresponds to the
repetition rate of the excitation pulse. N

The number of coincidences in a given detector combination ¢, j n%, (with i # jand i,j € {1 L
,1|[,2 L,2 ||}), where the two photons originate from subsequent excitation attempts, is given by

nz:il = (nlplst : 77]]91515 + njplst : nzplst)nean (32)
where n.,, is the overall number of atom excitation attempts, 7’ and 7/ are the detection efficiencies
for a detection in detectors ¢ and j, respectively (including all coupling losses and losses at other
optical devices) and pi4 is the probability to emit a single photon. In this term contributions of
two-photon emission events are neglected. N
The number of coincidences in a certain detector combination 4, j ng, at which both photons orig-
inate from the same excitation attempt, is given by the following equation:

nf)] = (nlplst : U]P%nd + n]plst : nlpénd)nean (33)
where pén 4 and pgn 4 are the probabilities to emit a second photon within the same time-window as

the first photon. These probabilities may be different as the probability to emit a second photon might
depend on the polarization of the first photon.
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The ratio of quantities 3.3 and 3.2 is independent of the efficiencies 1’ and 1’ as well as of the
number of excitation attempts. It only depends on the probabilities to emit a single photon and a
second photon within the same excitation attempt:

ng  (0Prst - WDhg +1WD1st - 0’ Dhg) - Mew 1 b + pénd) (3.4)

niﬁl 277ip15t : 77jplst *Nex 2 Pist

The result of this fraction can be interpreted as the value for the peak 0 (g?(0)) of the second order
correlation function for pulsed excitation, if all errors cause only white noise. Furthermore, it can also
be corrected for the dark count events described in section 3.2.4 as the number of events of a single
photon and a dark count in one time window for a given detector combination ”Zl]c,o is

ndc 0= (nzplstpdc + njplstpdc)nem (3.5)

and the number of events of a single photon and a dark count in subsequent time windows for a given
detector combination n; d 41 is

nZl]c,:tl = 2(77iplstpilc + njplstpzlc)nem = 2nz'ljc70- (3.6)
Thus, the dark count corrected ratio ng’/ n'f, is:

tj tj

.. ny —nN
ii 0 T Nepo,
Pip = ij 9 ij - (3.7)
Ny — 2MGeo

This can easily be expanded for coincidences in given classes of detector combinations d (d €
{D+,D—, D@}). Therefore, pairs of nj and n, are summarized to numbers of coincidences in
given classes of detector combinations:

n0D+ _ n(l)lll\ + nSLQH’ (3.8)

nOD— _ n(l)ﬂl\ + nngll’ 3.9

nOD@ 1||2|| +n 1i2l (3.10)
as well as

ni)fr _ nlllll\ +n 2l2|| (3.11)

nzi); _ nilfl\ +n 2l1|| (3.12)

nli)lg n1i||12|| ffl- (3.13)

The number of dark count events in given classes of detector combinations is calculated in the same
way:

D+ 111 | 212

Nge = ndc,O + ndc,O ) (3]4)
p_ 112 . 211]

Ny =Ngeo T Mg s 3.15)
D@ 12 1121

nD? = i 4 nll3 (3.16)

Thus, the dark count corrected ratio 7§/nd | is:
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d d

d g — Ny
= — 5 c_ (3.17)

Ny — 2Nyge
which can also be expanded for all coincidences
D— D— D+ D+ D@ D@

all _ Mo T Mg tNg - T NG tNg T — Ny, 318
ptp - D-— . ( . )

D— D+ D+ Do Do
Nyp —2ng, Ny — 2ng, +niy - 2ng,
In analogy the ratio can be defined for dark count events in given classes of detector combinations:

d

d Nde
L — (3.19)
‘ ngllzl - 2”20

In case of no correlations between the two emitted photons (no colored noise), the ratios pg,, pfp
and p%l would have the same value and be equivalent to the probability to emit a second, not 7-
polarized photon, if a first , not w-polarized photon has been emitted. But because of the colored
noise of the two-photon emission events of type II (see subsection 3.2.2) additional calculations are
needed to estimate that probability. The experimental setup can be reduced to a standard Hanbury-
Brown-Twiss (HBT) setup by analyzing only events in detector combinations D— and D@ [65, 66].
This way the value for the correlation function (g% (0)) can be calculated, which can be interpreted as
the probability to emit a second, not m-polarized photon, in case a first, not w-polarized photon has

already been emitted in the very same excitation attempt, even in case of colored noise:

D— D— Do Do
Ng —Ng. +ng~ —Ng

D— _ o5 D—_ Do _ o Do
Ny — 20, + gy — 20,

g*(0) = (3.20)

3.4. Quantitative Analysis of the Single Photon Source

The knowledge of all major causes for two-photon emission events allows a quantitative analysis of
this pulsed single photon source. The analysis only considers two-photon emission events, at which
both emitted photons are not m-polarized as only those events cause two-photon coincidences. Thus,
only 2/3 of all type I, 8/15 of all type II and no type I1I events are registered. The analysis further takes
into account that not all two photon events entering the detection setup, can be detected. There is a
certain number of events at which the two photons impinge on the same detector. The coincidences
caused by type I and type II two-photon emission events are already discussed in subsection 3.2.1
and 3.2.2. The white noise of type I events yields an equal probability for all detector coincidences,
whereas the colored noise of type II events causes individual coincidence probabilities for every class
of detector combinations. Table 3.2 shows these relative probabilities for analysis in the H/V- and the
R/L-basis.

The above considerations show that the total relative probability to detect a coincidence in a given
class of detector combinations depends on the ratio of type I to type II events. The relative probability
for a type I two-photon emission event, at which both photons are not w-polarized, is given by pfi
and for a type II event by pfli, respectively (with pfi + pfli = 1). In order to experimentally acquire
these relative probabilities, it is feasible to measure the ratio of probability pgg to the probability

Py = pg,g + pgf + pgf (see equation 3.17) and relate it to a ratio derived with respect to the

relative coincidence probabilities given in table 3.2. This can be done for both measurement bases.
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photon analysis basis H/V R/L

involved det. \ tp effect ‘ type I (pd HV) ‘ type 11 (pffIH V) type I (pd RL) ‘ type 11 (pfl’IRL)
APD;,, APD, 1 1 1 1 1 1
APDy,,APD, 1 1 1 1 1 1
APDQH, APDQJ_‘ D+ 4 ipb+ 1Pc 1 5Pa + 5Db
APDy, APDy 1 1 1 1 1
APDq,,APDq |
APDjy, APDy | 1 1 1 1 1
APDy, APDy n.d. 1 2Pa 7+ gPe 1 aPe
APDy, APDy

Table 3.2.: Relative probabilities of two-photon coincidences caused by two-photon emission events
of type I pl” and type 11 p&! (with d € {D+,D—, D@} and b € {HV,RL}). The
probabilities are derived from considerations in subsections 3.2.1 and 3.2.2. They respect
the values p, = 0.781, p, = 0.031 and p. = 0.188 also presented in subsection 3.2.2. (n.d.
stands for not detectable - both photons impinge on the same detector). For easy reference

the probabilities for a type I or type II event to cause a coin01dence detection are given by

sum,b D+b D—b a,b sum,b D+.b D— Do.b .
Pg =Pg tpg Tt ptI and pyp " =Py Pap - Par - respectively.

The ratios should be different in the two bases due to the colored noise caused by events of type II.
Nevertheless, the results for pfi and pﬂi should be the same in both measurement bases:

Da.b D@bo ,b D@ba b

Py —  DPa +Par P (3.21)
sum,b ~ sum b ot sum,b_o*.b ’
Pip Py Pt tPur P’

(with b € {HV, RL}). The relative probabilities pI b and pH > can not be calculated and must be
experimentally determined because the polarization of the excitation pulse at the location of the atom

+ +
is not known (see subsection 3.2.1). As the values of pf * and pfl * should be the same in both
measurement basis, the weighted averages of them yield the final, more accurate values pfi and pﬂi:

(3.22)

+

ot HYV + gy . RL + rL

N Pr /(ep‘f )2 + 77 /(epf )2

o =
ey HV)2 + 1 (ep

and

ot HV ot * RrL +
+ pII /( HV)2 + Phy /(epII RLy2

pY = , (3.23)
1 1/ epH ) + 1/(ep

b b o b b .
where ep{ " and epy; " are the statistical errors of p] " and py| ’ respectlvely.

This kind of evaluation also allows the estimation of the probability PU to emit a second, not
m-polarized photon, in case a first not w-polarized photon has already been emltted in the very same
excitation attempt. It should give the same result as equation 3.20 presented in the previous section,
but also considers events in detector combinations D+, and therefore has a smaller statistical error.
This method uses the known ratio of two photon coincidences in the same as well as in subsequent
excitation attempts in D+, D— and D@ detector combinations to events, where both photons impinge
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in the same detector. Thus, even the not detected events can be taken into account:

ot b 1 3 a

I ’ = ES T, — - 3.24

tp um,b_ox.b um,b_oT b *Pip (3.24)
R e St ! 4 t

with b € {HV, RL}. Note, Pt‘;,i’b does not suffer from any unknown detection efficiencies or dark

count events being based on the efficiency and dark count corrected values py,™, pgg and p%l.

o+ Pai,HV

i i and

Equally to the previous calculations the weighted average
Poi,RL
tp

of both probabilities

gives the statistically most significant value:

+ +
o+~ HV + HV o+ RL + RL
Py, /(epg7 HVy2 + Py, /(ePt‘; RLy2

+ gv + RL
Y(epy, )2 4 1(ePy, )2

+
Py = : (3.25)

+p . . . .
where e P b is the statistical error of the respective value.

Pt‘f is a significant measure for the quality of a single atom as pulsed single photon source as
it takes all evens into account, which causes two photon coincidences. Anyhow, it describes only
two-photon emission events, where both photons are not 7-polarized. The absolute probability
for emission of a second photon, if a first one has already been emitted, is considerably higher. It
considers also cases, at which one ore both emitted photons are 7-polarized. Thus, it respects all type
I'and type II events and even type I1I events. The considerations in subsections 3.2.1 and 3.2.2 show
that only 2/3 of type I and 8/15 of type II events contribute to Pt‘f. Thus, P, can be derived with
respect to that and the calculated probability of a type III event (3/2py,—111), where even the second
photon might be m-polarized:

3 + 15 «+ + 3
Py, = (519? + gptﬂ )Py, + S Pp-11I- (3.26)
In order to give a final statement about the probability of the three types of two-photon emission events
to cause a two-photon emission, it is sufficient to calculate their relative provabilities pr, pr1 and pryp

(with pr + prr + prr = 1):

+ __+
_ 3 P
b= 20w
15 -Pg, (3.27)
b = 8-Pryp
3-pep—111
pur = o

3.5. Experimental Results

In this section the two-photon emission frequency is experimentally determined, in order to demon-
strate that single 87 Rb atoms are a viable source for single photons. For this purpose the introduced
quantitative analysis of two-photon emission events is used after verification of its validity. Good over-
lap of experimental data and theoretical predictions would demonstrate that the understanding of all
major two-photon emission processes. To measure the two-photon emission frequencies, correlations
of the detection times of two photons in all detector combinations are analyzed.
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single photon det. prob. p;’Z -1073
H/V-basis R/L-basis
APD{, | 0.25£0.000098 | 0.2340.000093
APDlH 0.26+0.000093 | 0.27£0.000097
APDs | | 0.2340.000099 | 0.2540.000096
APD2|| 0.2240.000092 | 0.23£0.000091

detector

Table 3.3.: Single photon detection probability after an excitation attempt p;’,lz (withi € {1 L,1 ||
,2 1,2 ||} and b € {HV, RL}) for all detectors ¢ in both relevant two-photon emission
measurements.

3.5.1. Experimental Realization

In order to record correlations of the photon detection times, the experiment is operated almost identi-
cal as in the atom-photon entanglement experiments described in chapter 2 (see subsection 2.4.1). But
here, no atomic state readout scheme is triggered by a single photon detection. The atom excitation
process repeats until the atom is lost. All photons in the 120 ns time windows are registered which is
illustrated in figure 3.1 b). In the following analysis two-photon coincidences are selected from the
registered data, and the relative time difference of each photon pair is recorded for all three classes of
detector combinations.

3.5.2. Dark Count Probabilities

In order to extract relevant information on the two-photon emission frequency from the data, it has
to be dark count corrected. The probability to detect a single photon and a dark count in the same
time window is calculated by equation 3.1 for a each detector combination. This requires knowledge
of the single photon detection probability of every detector which varies between measurements as
described in 3.2.4. The single photon detection probabilities for the two relevant measurements are
shown in table 3.3.

These data allow calculation of the dark count probabilities for every detector combination, and thus
determination of the total expected number of dark counts for these measurements by using equation
3.5, where the number of atom excitations is n/LV = 26.5 - 10° for measurement in the H/V-basis and

nBl = 27.1-10° for measurement in the R/L-basis, respectively. The dark count event probabilities

exr
and the total number of expected dark count events for both two-photon emission measurements are

shown in table 3.4.

3.5.3. Two-Photon Correlations

All registered two-photon events are summarized in histograms of the detection time differences of
the two-photons. Figure 3.6 shows exemplarily the histogram for detector combinations D+ and
photon analysis in the H/V-basis. The histogram plainly shows correlations of the detection time
of both photons. Each peak in the histogram corresponds to a certain time difference between two
excitation attempts. The differences of the areas of these peaks are caused by combinatorial reasons.
For example, in a burst of 20 atom excitations there are 19 possibilities to obtain a time difference of
one cycle, but there is only one possibility to obtain a time difference of 19 cycles.

All following discussions consider only events, at which the photons are emitted in the same or in
subsequent atom excitations, normalized by their combinatorial weight (the experiments uses bursts
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3. An Atom as a Pulsed Single Photon Source

H/V-basis R/L-basis

15,0 1n—10 j,b 15,0 1n—10 j,b
DPice 10 e DPice 10 Nge

APD; |, APDy | 2.98+0.045 | 08+ 2.8 | 3.08 £0.047 | 08+ 2.9
APD,, APD,| | 6.04+0.067 | 12£3.5 | 6.00 £ 0.066 | 12 + 3.4
APD;, APDy | 4.55+0.059 | 15+ 4.0 | 4.35 £0.056 | 15+ 3.9
APDyy, APDy, | 441£0.055 | 08 £ 2.8 | 4.73 £ 0.058 | 09 = 2.9
APD;,, APDy, | 590 £0.065 | 12+ 3.4 [ 5.63 £0.062 | 13 £ 3.6
APDyy, APD | 3.02£0.046 | 16 4.0 | 3.18 £0.049 | 16 £ 4.0

det. comb.

Table 3.4.: Probability p7* (with i # jand i,j € {1 1,1,2 1,2} and b € {HV, RL}) to detect
a dark count together with a single photon in the same time window (dark count event) per
atom excitation for every detector combination 4, j and both relevant two-photon emission
measurements. It also shows the expected number of these events nfi]c’b in the presented
measurements.

ns

5 350F
< 300}
250
200f
150 f
100f

50].\' .

. ’7
0400000 -50000 0 50000 100000

detection time difference [ns]

number of events

Figure 3.6.: Histogram of two-photon detection time correlations for detector combinations D in the
H/V-basis. The figure shows all possible two-photon coincidences for a sequence of 20
atom excitations. In the following analysis only the inner three peaks are considered.

of 20 excitation trials; see 2.9). The peak (peak = 0) at zero photon detection time difference
corresponds to events, at which both photons originate from the same atom excitation. For an ideal
pulsed single photon source it should vanish.

Figure 3.7 shows two-photon correlations of events from subsequent atom excitations as well as
from the same atom excitation in the H/V-basis for all three classes of detector combinations (the
correlations for measurements in the R/L-basis offer no deeper insight and therefore are not shown
here). These figures give a first impression of the already introduced colored noise caused by two-
photon emission events of type II (see peak = 0 in all three graphs). Figure 3.7 a) and c), which
correspond to detector combinations D— and D, contain less events around a time difference of zero
than figure 3.7 b), which corresponds to detector combinations D&. This agrees with the theoretical
expectations as shown in table 3.2.

A more detailed analysis allows calculation of the dark count and efficiency corrected probabilities
pfp (with d € {D+, D—, D@}, see equation 3.17), as well as the probability for dark count events pz .
itself (see equation 3.19). Therefore, all events, which originate from subsequent atom excitations,
are integrated for all detector combinations as well as all events from the same atom excitation. The
resulting numbers of events in a certain class of detector combinations n; (events from subsequent
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a) b) c)
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Figure 3.7.: Histograms of two-photon detection time correlations for all three classes of detector
combinations in the H/V-basis. The figures show only events which originate from the
same (peak = 0) and from subsequent (peak = +1) atom excitations. a) detector com-
binations D —, b) detector combination D@ and c) detector combinations D+-. The inte-
grated number of events of peak = 0 gives the value ng (with d € {D+, D—, D@}) and
the integrated number of events of peak = +1 gives the value nd,.

H/V R/L

d,b ‘
ptp

basis

det. comb.\ prob. pfl’,b PZ’cb pZEb

D— 0.0033 £ 0.0010 | 0.0029 £ 0.0006 | 0.0112 £ 0.0015 | 0.0030 £ 0.0006
D+ 0.0019 £ 0.0010 | 0.0029 £ 0.0006 | 0.0110 £ 0.0014 | 0.0029 £ 0.0006
Do 0.0131 £ 0.0015 | 0.0029 4= 0.0006 | 0.0050 £ 0.0012 | 0.0029 =% 0.0006

Table 3.5.: Ratios pj’ and p}’ (with d € {D+,D—, D@} and b € {HV,RL}) for all relevant
detector combinations in the H/V- and the R/L-bases. The total number of contributing
events (né) by né) by né) g’b) is 223 in H/V-basis and 298 in R/L-basis, respectively

(including dark counts).

atom excitations) and ng (events from the same atom excitation) are inserted in equation 3.17 or in

equation 3.19, respectively, yielding the probabilities pfp and pgc presented in table 3.5.

By substituting the event numbers ng, nil and ngc in equation 3.18 the total ratio p%l of two

photons from one atom excitation attempt to two photons from subsequent atom excitation attempts
can be calculated. This can be interpreted as the value for the peak peak = 0 of the second order
correlation function for pulsed excitation. Here, the results are p“”’HV = 0.006140.0007 for analysis

tp
in the H/V-basis and p?ll,l’RL = 0.0091 £ 0.0008 for analysis in the R/L-basis. The numbers differ
as the number of two-photon events, which impinge on the same detector (and are not registered),

depend on the measurement basis because of the colored noise of two-photon emission events of type
IL.

3.5.4. Quantitative Analysis of Two-Photon Emission

The characteristics of the two-photon emission events of type II predict different frequencies of co-
incidences for the different classes of detector combinations. The actual relative probabilities of the
coincidences depend on the relative probabilities of two-photon events of type I (pfi) and type II
(pfli) as the considerations of section 3.4 predict. These probabilities can be determined by means
of equation 3.21 for the two measurement bases. Therefore, the ratio of coincidences in D@ to all
detected coincidences is calculated with respect to the values presented in table 3.5:
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3. An Atom as a Pulsed Single Photon Source

pD@,HV pD@,HV
tp _ tp _
sum,HV ~— D— HV D+ ,HV Do, HV ~— 0.714 £ 0.060 (328)
ptp ptp + ptp + ptp
Do RL pDQ,RL
tp tp
sumBL = "D RL DT RL DoRL — 0.184 £0.037 (3.29)
ptp ptp + ptp + ptp

Inserting these values into equation 3.21 yields the relative probabilities p}’i’b and p‘ﬂi’b (with b €
{HV, RL}). The results are p¢ 7" = 0.11140.109 and p{, """ = 0.888 +0.109 for H/V-basis and

pi’i’RL = 0.395 £ 0.170 and pﬂi’RL = 0.605 £ 0.170 for R/L-basis, respectively. The considerable
difference between the values of both measurement bases is attributed to the big statistical errors due
to the low two-photon event rate. The errors of both values still overlap, and thus it is justified to
. + + .
calculate the weighted average of both measured values as final result for p7~ and pf; (see equations
3.22 and 3.23). The values are .
pf =0.194+0.09

and .
pi; = 0.81 £ 0.09,

respectively.

The ratio of detected two-photon events to all two-photon events entering the detection setup is
larger for photon analysis in the R/L-basis than for the H/V-basis. The colored noise of two-photon
emission events of type II causes less two-photons emission events to impinge on the same detector
in the R/L measurement basis. The fraction of detectable two-photon emission events is given by
prumbyo b psumb e with b € {HV, RLY, which is derived with respect to probabilities shown
table 3.2. It yields that 0.599 of all two-photon emission events entering the detection setup should
be detectable in the H/V-basis and 0.876 in the R/L-basis, respectively. By dividing these two values
following expression is created:

pat Y pa® g pair Y pa® 0,599

sum,RL 5=+ sum,RL o+
pa el A e 0870

This ratio should be equal to the measured ratio p?;lyl’HV/ P ?’l’ LRL = (0.670 £ 0.095. Both values overlap

very well. It is strong verification of the validity of this quantitative analysis as it shows that the major
effects of two-photon emission are respected.

Finally the total probability for the emission of a second, not 7-polarized photon, in case a first,
not 7-polarized photon is already emitted, can be calculated with respect to equation 3.24 for both
measurements. It yields

= 0.684. (3.30)

P21V — 00076 + 0.0008

and .
Py =0.0078 + 0.0007,

respectively. These values should be comparable to the values of the correlations function g2(0),
which can be calculated with equation 3.20:

ngHV(O) = 0.0074 £+ 0.0009

and
g>7L(0) = 0.0081 = 0.0009,
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3.5. Experimental Results

. . . . . +
respectively. The values of the correlation function g% (0) are almost identical to the values Pt‘; B

which are calculated with the presented quantitative analysis. This is another verification of the quan-
titative analysis. As P, P considers also events in D+ detector combinations, the results are statis-

tically more significant and are used for all further calculations.

+ +
Both values Pt‘; HV and Pt‘; “BL are almost identical which is an additional confirmation for the
accuracy of this analysis. The weighted average of these two probabilities gives the final probability:

Pg" = 0.0077 + 0.0005.

The total probability P, to emit a second photon, if a first one has already been emitted, is higher
than ng as one or both emitted photons might be 7-polarized. This also includes events, where the
second photon of a type I or a type 1I event is w-polarized, as well as type III events. P, can be
calculated with equation 3.26, which includes the probability pi, 111 for a type I1I two-photon event.
The value of py,_111 is not based on any two-photon coincidence measurement, but is calculated by

the quantum jump model.
Py, = 0.0919 £ 0.0009

The two-photon emission events are caused by the three types of two-photon emission events the the
following relative probabilities (calculated with respect to equation 3.27):

pr = 0.024 +0.012
pu 0.127 £0.014
pir = 0.849 4+ 0.009

This results demonstrate that an atom can serve as an excellent pulsed single photon source as the
probability Pg,i to emit second o*-polarized photons within one excitation attempt is sufficiently
low and has only a small influence on the two-photon interference experiments presented in the next
chapter. The probability to emit a second photon, if a first one has already been emitted P, (regardless
of the photon polarization), is considerably higher. But most of these two-photon emission events can
only cause single photon detections or can not be detected at all. Still even a single photon originating
from a two-photon emission event reduces the two-photon interference probability. Thus, these events
have to be considered in the next chapter.

3.5.5. Verification of the Quantum Jump Model

The introduced quantum jump model (see appendix F) allows calculation of the probability of two-
photon emission events. Here, the probabilities presented in section 3.2 are compared to the mea-
surement data in order to test the validity of the models predictions. Therefore, the probability for a
two-photon event of type I and of type II are calculated by the following equations (with respect to
the measured data):

+ +

pp-1=p7 Py (3.31)
+ +

pep—11 = pit Py, (3.32)

The results are py,—1 = 0.0015 4 0.0007 and py,—11 = 0.0062 £ 0.0007. The values are in good
agreement with the values predicted by the quantum jump : pg,_1 = 0.0025 (for a linear rotation of
the polarization by an angle of 1°) and py,_11 = 0.0048. The difference between measurement and
simulation can be explained as all minor channels for two-photon emission are not considered as well
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3. An Atom as a Pulsed Single Photon Source

as polarization errors of the detection optics. In addition the calculated values depend critically on the
power of the excitation laser at the position of the atom which slightly varies due to the motion of the
atom in the trap. However, the data prove that the two-photon emission probability in function of the
excitation pulse can be predicted by the quantum jump model.

3.6. Summary

In this chapter the single atom excitation was explained in detail as well as the major causes for de-
tected two-photon emission events. These are re-excitations of the atom via polarization errors (type
I) and via off-resonant excitation (type II) and events where a single photon and a dark count are
detected. The frequencies of all effects in this setup are in the same order of magnitude. The probabil-
ities for two-photon emission events were calculated by a quantum jump model and compared to the
measured values. Based on knowledge of the causes for two-photon emission events a quantitative
analysis, which predicts the relative probabilities for detection of a two-photon emission event in all
detector combinations, was introduced. This quantitative analysis of the measurement data allowed to
determine the probability to emit a second, o*-polarized photon, in case a first, o= -polarized photon
has already been emitted: ngt = 0.0077 £ 0.0005, as well as the total probability to emit a second
photon, if a first one has already been emitted P, = 0.0919 4= 0.0009. Especially the small value
of ngt shows that this kind of single photon source is suited for use in a two-photon interference
experiment as only o*-polarized photons cause two-photon detections.
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4. Two-Photon Interference

Two-photon quantum interference at a beam splitter is a most nonintuitive phenomena in quantum me-
chanics. It causes two identical photons, which impinge on a beam-splitter from different input ports,
to leave the beam-splitter via the same output port [67, 68, 69, 70]. This phenomenon was studied first
by Hong, Ou and Mandel with pairs of photons from a parametric down conversion source [67]. Since
then, a variety of sources have been used to observe this effect, e.g. photons emitted consecutively by
a single atom in a cavity [71] where the atom serves as the source for indistinguishable photons.

However, it is more difficult to achieve quantum interference of photons from independent sources,
as the two sources have to emit indistinguishable photons. Still it could be demonstrated for single
atoms and ions [72, 73] as well as for more complex single photon sources such as quantum dots [74],
molecules [75] and nitrogen vacancy centers in diamond [76, 77]. Evidently, it is still an experimen-
tally challenging task to guarantee the indistinguishability of photons for molecules and solid state
systems due to the influence of the respective environment and fluctuations in the preparation of the
samples.

The variety of sources, at which two-photon interference has been demonstrated, reflects its im-
portance for quantum information science. It is an elementally tool enabling linear-optical quantum
C-NOT gates [78] and (partial) Bell-state analysis which is an essential part of quantum teleportation.
In this experiment the interference is the main part of the entanglement swapping protocol [79] which
will be explained in detail in chapter 5. Furthermore, the two-photon quantum interference contrast
serves as a measure for the matching of two independent sources.

In this chapter the theoretical principles of two-photon quantum interference are illustrated as well
as the influences of the quality of the single photon source and the indistinguishability of photon on
the degree of the interference contrast. Based on this knowledge a model is developed predicting the
probability of photon coincidences in the three different classes of detector combinations. It allows
a more detailed discussion of the interference quality compared to the basic definition of interfer-
ence contrast. Thereafter, the experimental realization of a two-photon interference experiment is
described, and the possible performance of the setup is estimated. Finally, experimental results are
presented and analyzed.

4.1. Basic Principles of Two-Photon Interference

This section illustrates the basic principles of two-photon quantum interference at a beam splitter. A
quantum mechanical description of a beam splitter is followed by discussion of the evolution of two
photons impinging on a beam splitter.

4.1.1. The Beam Splitter

In principle a beam splitter is a partially transparent mirror at which the reflection and the transmission
coefficients are assumed to have a fixed ratio. This ratio may vary for different light polarizations
which is investigated later. In case of a lossless beam splitter the reflectance p and the transmittance
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A2

A1 B1

B2
v

Figure 4.1.: Basic illustration of a beam splitter with two input ports (A1,A2) and two output ports
(B1,B2).

o have to satisfy the following condition:
p+o=1 4.1

Light can enter the beam splitter via two input ports and leafs it via two output ports (see figure 4.1).
The light fields at the input and output ports are represented by the bosonic creation / annihilation
operators in second quantization which each satisfy the commutation relations [a;, &}] = &i&}—&}&i =
d;j or [Bi, l;;] = l;il;} — ZA);WA)Z = 0, j, respectively [80, 81]. The interaction of the light fields with
the beam splitter is represented by the transformation matrix B with elements B;; = |B;;le'®,
i,7 € {1,2} which are complex to include field phase shifts. Thus, the input and output operators are

related by

Z:JI [311 B12] &J{
b By Byl | al

The preservation of commutation relations of the operators at the output of the beam splitter lead to
the following conditions for the transformation matrix elements B; ;:

|B11|? + | B> =1, 4.2)
|Bo1|? + |Bao|? =1, 4.3)
311351 —+ B12B52 =0. (44)

The terms of equation 4.2 and 4.3 are not independent, but coupled by equation 4.4. By dividing the
elements of the transformation matrix into components of phase ¢‘*i and magnitude |B;j| equation
4.4 gives the conditions:

|B11]|Ba1| = | Biz|| B2zl 4.5)

P11 — P21 = Q12 — P22 T . (4.6)

The combination of equations 4.2, 4.3 and 4.5 provides the following relations of the elements B; ; :

‘311‘2 = ‘BQQ’Q =0 = COSQ(@), (4.7)
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4.1. Basic Principles of Two-Photon Interference

|Bi2|? = | By |* = p = sin®*(©), (4.8)

where o and p are the transmittance and reflectance. According to this, all magnitudes can be deter-
mined by the parameter © = arccos(y/0), 0 < O < 7/2. A redefinition of the phases with respect to
4.6 gives a set of new phases:

o = %(%1 — $22), 4.9)
bp = %(%2 — ¢21 F M), (4.10)
G0 = %(tbn + ¢22). 4.11)

This allows to redefine the transmission matrix:

cos(@)ed’f sin(©)ei?r

— oo
B=e —sin(@)e™ ™  cos(@)e |

(4.12)

The minus sign in the matrix caused by reflection at the beam splitter.

The interference effects, which are discussed subsequently, do not depend on the global phase ¢g.
Therefore, it is assumed to be zero without loss of generality: ¢y = 0. In addition, it is implied that the
beam splitter itself introduces no phase shifts onto the light fields: ¢, = ¢, = 0. These assumptions
simplify the transformation matrix to a fundamental rotary matrix:

| cos(©) sin(©)
b= Lsin(@) cos(@)]' (4.13)

For any further calculations it is necessary to describe also the evolution of the creation operators
at the beam splitter. The operators &}L and b}L are related by

58] - (o ]z -[d d] o8 e

& { lA)I B; ] — {cos(@)&} + sin(@)dg — sin(@)&} + cos(@)&;} .
It allows to express the output creation operators by means of the input creation operators:
lA)J{ — COS(@)&J{ + sin(@)&;, (4.14)
bl — —sin(©)al + cos(©)al. (4.15)

A transformation of equations 4.14 and 4.15 gives the input creation operators in terms of the output
creation operators:

dJ{ — cos(@)i){ - sin(@)i);, (4.16)

&; — sin(@)i){ + cos(@)i);. (4.17)

This expression is general, and allows the description of the evolution of photons at a beam splitter.
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a) lAZ b) lAZ °) lAz d) lAz
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Figure 4.2.: Evolution of two photons at a beam splitter: Two photons impinging at a beam splitter
can leave it in four different ways. They can both be transmitted a), they can both be
reflected b) or one of them is reflected and one of them is transmitted c), d).

4.1.2. Interference of Single Photons

Generally, two photons entering a beam splitter have four possibilities of leaving its output ports (see
figure 4.2).

However, if the two photons are indistinguishable in all degrees of freedom, interference of ampli-
tudes of those processes will occur. This leads to so called bunching and the photons always leave the
beam splitter via the same output port as the following calculation shows. Here, equations 4.16 and
4.17 are used to calculate the evolution of those photons at the beam splitter:

alah |0y, — (cos(©)b] — sin(©)bh)(sin(©)b] + cos(©)b}) [0)

: A2t itit 2t ot (4.18)
= sin(©) cos(O)(by1b; — byby) + cos(20)b; b, |0)

out *
Both photons can be described in terms of the same output creation operators since they are indistin-
guishable.

In the ideal case of a 50/50 beam splitter, the angle ©, which describes the ratio of reflectance
and transmittance of the beam splitter, has a value of © = 7/4. This simplifies equation 4.18 to the
following expression:

16} 10y, = 11, 1)5, > 5 BB} — BB 1000 = 5(12,0) g — 10,2)00),
reproducing the effect of bunching as both photons always leave the beam splitter via the same output
port.

In this experiment the single photons originate from two different atoms in two almost inde-
pendent experiments where each photon is entangled with the respective atom. Their qubit infor-
mation is encoded in their polarization which means that the photons can be considered as com-
pletely unpolarized. Thus, if two photons impinge on the beam splitter at the very same time, they
are assumed to be identical in all degrees of freedom except in their polarization. Therefore, it is
necessary to distinguish between four different two-photon states and their individual evolution at
the beam splitter. These states are the four Bell-states |®¥) = %(H s 1m);, £ |1v,1y),,) and

out —

|Ut) = %(\h{, 1v);n, £ |11v,1#),,) (here written in the H/V-basis). The photon pairs imping-
ing on the beam splitter are in an equal mixture of the four Bell-states. In order to calculate the
evolution of these two -photon states at the beam splitter, two sets of orthogonal creation operators

IH, jv and bz ™ zv (with ¢ € {1,2} defines the input port of the beam splitter) are introduced
([@in, jm] = [b Al | = 60ij0nm, withn,m € {H,V} and 7,5 € {1,2}). With respect of these

my Yim
operators the evolution of the Bell-states at the beam splitter are as following:
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oF) = %(dIH@H + &1\/‘12\/) 10)i, = 2(|1Ha La) i + v, 1))
- L ((cos(©)b],, — sm(@)bgH)(sm(@)b}H + cos(©)bl )

ﬁcos(@)g{v — sin(@)bgv)(sm(@)biv + cos(@)bgv)) ]O)Out (4.19)
= J5(sin(©) cos(©) (b bl ;y — b bl + Bl bl — B Bl)
+c0s(20) (b, bL + BB )Y 10),
@) = %(dIH@H - &Ivdgv) |O>m = %(HHa 1H>m — v, 1V>m)
— J5((cos(©)b]; — sin(©)bL ;) (sin(©)b] ;; + cos(©)b,)
—(cos(@)l;J{V — sin(@)i)gv)(sin(@)giv + cos(@)bgv)) 10) (4.20)

= L(Silﬂ(@) COS(@)(bJ{HbJ{H - bngA’;H - blVbl\/ + bzvbgv)
+ COS(2®)(bJ{Hb£H - bivbgv)) 10) ot »

|
S

oty = ds(alyaly, +alyab) 10), = J5(1a, 10, + v, 1a)y,)
— %((COS(@)BJ{H - sin(@)l;;H)(sin(@)l;J{V + COS(@)B;V)
+(cos(©)bl, — sin(©)bl,, ) (sin(©)b! ,; + cos(©)bl ;) [0),s (4.21)
= \1[(2sin(@)cos(®)(l;J{Hl;J{V bbby
+cos(20) (bl bL,, + bL b)) (0D,
and
07) = Lsalyaly —alyaly) 1), = L5011 )5 — 11v, 1a)s,)

= L ((cos(©)bl,, —sin(©)bL ) (sin(©)b],, + cos(©)b],,)
c9¢<9361v Tsmf(@)bb)(sin(e)bb +c08(©)bhy7)) [0},
(01 1703y blVbZH) 10) g -

This shows that all two-photon states except the |V~ )-state are transformed by the beam splitter

depending on its splitting ratio. In a first approach the beam splitter is assumed to be a perfect 50/50
beam splitter. This simplifies equations 4.19-4.22 to the following expressions:

4.22)

S LSS

7)) — %/—(bJ{HbJ{H OB + Byl — By By 10) (4.23)
= 7(’2 >out ’07 2H>out+ ‘2V7O>out - ‘O72V>out)7
7)) — Qf(bJ{HbJ{H b;Hb;H - bivbJ{v + bQVbQV) 10) ot (4.24)
= 2\[(|2H’ >out |0 2H>out |2V’ >out + |0 2V>out)’
W) = Ol bly — Bbhy) 0), 425)
= %“ alv, >out - |0’ 1H1V>out)
and Lt it gt
=) — T(bmbzv bry b ) 10) ot (4.26)
- (‘1H71V>out - ‘1V71H>out)'

The calculations give evidence that the photons only leave the beam splitter via different output ports
in case they are in the |V ~)-state.

Considering the experimental detection setup introduced in subsection 2.3.5, one observes that it
is possible to distinguish two of the four Bell-states due to their different evolution. The |®)-states
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can not be detected because here both photons always impinge on the same detector and the detectors
are not photon number resolving. Even if they would be, it would not be possible to distinguish
between the |®T)- and |®~)-state as the detectors do not resolve the phase of this state. The [¥)-
state generates coincidences in the detector combinations D+ (see Table 3.1) and the |¥™)-state in
the detector combinations D—. These cases can be distinguished. Note, the detector combinations
D@ do not correspond to any Bell-state. Such detector combinations should never occur in a perfect
two-photon interference measurement.

As already mentioned, the photons arriving at the beam splitter are completely unpolarized, and
therefore the two photons impinging on the beam splitter are in a mixture of all four Bell-states. The
detection of the two photons in a certain detector combination projects them onto a certain Bell-state.
The whole procedure thus comprises an interferometric Bell-state measurement.

4.1.3. Two-Photon Interference Contrast

In order to quantify the quality of the two-photon interference,a measure has to be employed. In this
thesis the interference contrast is used which shall be defined in the following.

The contrast relates the fraction of events in the “forbidden” detector combinations D& to the
events in “allowed” combinations D+ or D—:

Cpp=1- P2 4.27)
np+

Cp —=1- 109 (4.28)
np—

Cp- defines the interference contrast of photons which are projected in the |¥™)-state and Cp_
defines the contrast of photons projected in the | W™ )-state, respectively. This definition is based on
two assumptions:

1. The two photons impinging on the beam splitter are in a equal mixture of all four Bell-states.

2. All errors lowering the interference quality affect every photon pair in the same way indepen-
dent of the Bell-state of the photons because only photons in the|®¥)-states generate coinci-
dences in detector combinations D@ and only photons in the|U'*)-states generate coincidences
in detector combinations D+ and D— as discussed in subsection 4.2.2. Thus, it is assumed
that error cause as many D& coincidences of photons in the |®¥)-states as D+-coincidences of
photons in the |¥~)-state and wise versa.

Additionally, if the requirement of a good beam splitter is fulfilled, the contrasts Cp and C'p_ should
be the same. Therefore, it is sufficient to define a joint interference contrast:

P
C=1-_""P2 (4.29)
np+ +np—

which is just the average of both other contrasts.

4.2. Two-Photon Interference Under Realistic Conditions

In section 4.1 the principles of two-photon interference on a beam splitter by assuming a perfect setup
were discussed. In reality the beam splitter is not a perfect 50/50 beam splitter and the photons are not
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completely indistinguishable. Due to technical and other reasons, the photons may have not a perfect
temporal, spatial or spectral mode overlap. The influences of these errors on the interference contrast
are discussed in this section.

4.2.1. Influence of a Non-Perfect Beam Splitter on the Interference Quality

In the previous section two-photon interference was introduced by the example of a perfect beam
splitter. Here derivations resulting from beam splitter imperfections are investigated.

Equations 4.19 and 4.20 already show that two photons in |®¥)-states impinging on a beam splitter,
which has no transmittance and reflectance of equal value (© # 7/4), may result in a D@ coincidence
event. Furthermore, equation 4.21 shows that two photons in a |U™)-state impinging on the beam
splitter might be detected behind different output ports of the beam splitter, and thus are mistaken for
photons in a |~ )-state lowering the two-photon interference quality.

These examples illustrate the problems which arise by a non-perfect beam splitter, but it does not
allow a full description of all errors caused by a beam splitter, because the transmittance and the
reflectance might also depend on the polarization of the impinging photon. In order to provide a
complete description of the beam splitter, the definitions of the input creation operators in terms of the
output creation operators in equations 4.16 and 4.17 have to be expanded for polarization dependent
transmittance and reflectance coefficients:

al; — cos(©;)b]; — sin(©,)b, (4.30)

dgj — sin(@j)lAJL + cos(O; )b

2]7 (4.31)

where j € {H,V} denotes the polarization of the impinging photon. Using this new set of creation
operators the evolutions of the Bell-states at the beam splitter are the following:

@) = Jalyaly +alyaly,) 10,
. S . At oo et g
= J5(cos(®m) sin(0 ) (by bl — b5 ,) + cos(Oy) sin(O) (byy bl — bl b1)
+¢08(20 )b ;b + cos(20y)bl by, ) 10) 4,
(4.32)
®7) = %(dJ{HagH alyagy) |0>
I ) At s I
= J5(cos(On) sin(Q7) (b bl 1y — bbb 1) — cos(©y) sin(©y) (bl bl — by, bly)
+¢0s(2011)b) bl — 605(2@\/)(’1\/(’;\/) 10) out »
(4.33)
) = %(%H%V +alyab) 10);,
— %((CO&(@H) sin(Oy) + sin(Ox) cos(@v))blelv
—(cos(Op)sin(Oy) + sin(Op) Cos(@v))b (4.34)
+(cos(Op) cos(Oy) —sin(Op) sin(@v))i) A
+(cos(Op) cos(Oy) — sin(Og) sm(@v))b;Hb}V) 10),,s
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and
=) = (@] iy — alyab) 10);,
((cos(Op)sin(Oy) — sin(O ) cos(O©
(Of)sin(Oy) — sin(Ox) cos(Oy))
(Op) cos(Oy) + sin(Of) sin(Oy))
—(cos(Op) cos(Oy) + sin(O ) sin(Oy))

)bl by

by

/\

1

7

€

+(cos (4.35)
+(cos

/\

IV) ’O>out

In the experiments only the | U™ )-states are of importance because only they can be detected. Thus, in
order to define a measure for the beam splitter quality, two-photon detection events in the D— detector
combinations are examined. These can only be caused by two photons in the |¥*)-states imping on
the beam splitter.

Two photons being in a |V~ )-state are detected in a D— detector combination with the following
probability (with respect equation 4.35):

v)
b
b 1b}
Do

P\I]?f = ’%(COS(@H) cos(Oy) + sin(Oy) sin(Oy))|?
+| - %(COS(@H) cos(Oy) + sin(Oy) sin(Oy))|? (4.36)

= |cos(Oy — Oy)[?

By detection of the two photons in a D— detector combination, they are correctly identified as photons
in the ¥~ )-state. If two photons, which are prepared in a |U'™)-state, impinge on the beam splitter,
the probability for a detection in a D— detector combination is (derived from equation 4.34):

P\Il,)f = 2 |\/L§(cos(®H) cos(Oy) — sin(Oy) sin(Oy))|?

4.37
= |cos(Oy + Oy)|? (4.37)

Here, the coincidence in a detector combination D— leads to a false identification. The photons are
identified as photons in th | U~ )-state which is orthogonal to the one they were prepared in.

The total probability to correctly identify the two-photon state with the given beam splitter is defined
as beam splitter quality factor BSQ € [0...1] [82]:

P\I]?__ _ |cos(@f — Oy)?
Péj)j + P\Ill)g |cos(@ — Oy)|? 4+ |cos(Of + Oy) >

BSQ = (4.38)

By substituting ©; for the transmittance o; (©; = arccos(,/0;), j € {H,V}) the expression is
written in terms of a directly measurable parameter:

OHoVy + (1 - O'H)(l - Jv) + 2\/O'H(1 — UH)Uv(l - Jv)
2(onov + (1 —ou)(1—ov)) '

BSQ = (4.39)

This can be further simplified by introducing also the reflectance to the equation as given by equation

4.1:
N AR N T
B — THOV + prpv + 2\/0HpHOV PV — (14 DYIHPHOVEV) (4.40)

2(ogov + prpv) 2 OHOV + pPHPV

The BSQ yields a value of 1, if the constraint o7 = py is fulfilled. It shows that even a symmetric,
partially polarizing beam splitter does not affect the interference quality. However, it reduces the
frequency of events in D— detector combinations. Therefore, a perfect 50/50 beam splitter is still
favorable.
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4.2.2. Influence of the Temporal Mode Overlap on the Interference Contrast

All previous calculations assumed that the two interfering photons have identical temporal, spectral
and spatial properties and arrive at the beam splitter at the same time. But this is not a realistic
assumption for a real experiment due to technical limitations. In this subsection the influence of a non
perfect temporal mode overlap on the interference contrast is examined. The following subsections
discuss the influences of the spectral and spatial mode overlaps.

In order to account for the temporal shape of the photons, a set of time dependent creation and
annihilation operators is needed [83]:

= / dt o (t)ag;(t), (4.41)
0

Alj(a) = / dt ai(t)al; (¢), (4.42)
0

where ¢ € {1, 2} denotes the input port of the beam splitter and ;7 € {H, V'} the polarization of the
photon. «;(t) € C describes the temporal amplitude of the single photon wave packet. It is normalized
according to

/dt oy (1) = 1. (4.43)

This allows the following description of the input creation operations in terms of the output creation
operators for a non-polarizing beam splitter:

Al (on) - / dt o1 (1) (cos(@)b], (1) — sin(©)bL, (1), (4.44)
0
Al (02) - / dt as(t) (sin (©)5] (1) + cos(@)b1, (1). (4.45)

The input and output operators have the same commutation properties:

[ (t), al, ()] = [bij (1), Bl ; ()] = 0iir 058 (t — 1), (4.46)

Unlike the approach of the previous sections, it is more reasonable to calculate the expected two-

photon probability for certain detector combinations rather than to calculate the output state for a

certain two-photon input state, in order to understand the influence of the temporal mode overlap on
the two-photon interference. The expected single photon probability in a time interval [0, 7] is:

T
(mi(T)) = / dr (b (7)bi (7). (4.47)
0

Here, the detection efficiency is assumed to be equal to one. The expected two-photon probability is
calculated the same as way for two photons impinging on the same detector:

l\')lr—l

(mij (T)m; (T

T
dr T’)BZT.(T)BU(T)BU(T')> (4.48)
=3 o o
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as well as for two photons impinging on different detectors:

(mi]( m” /d’T/d’T bT, , / Aij(T)l;ij(T)i)i/j/(T/)>. (449)

This allows calculation of the evolution of two photons, which do not have a perfect temporal mode
overlap, at a beam splitter. Next the evolution is exemplarily presented for the |®T)-state:

@%) = (Al ()AL, (as) + Al (a1) Al (a2) [0,
- % fooo d{fooo dt’ vy (t)az(t') A
((cos(©)b] 7 (t) = sin(©)Bh (1)) (sin(©)] (1) + cos(©)bh ()
—|—(cos(@)bJ{V(t) — sm(@)bgv(t))(sm(@)bJ{V(t’) -+ cos(@)bgv(t’))) 10) put -

The probability for two photons impinging on the same detector is calculated exemplarily for the
detector AP Dy which corresponds to the creation operator lA)I 7 (t). By requiring that the amplitudes
«;(t) of the single photon wave packets are negligible outside the detection time interval [0, T, the
following result is obtained with respect to equation 4.48:

(mi(Tymug (Tjery = & [ dr [ dr’ @*\6 <>BIH< Novr (7)brr (1) | @)

= 1sin?(0) cos?(O) 1—|—f0 dtfo dt’ o (t) o (t) o (t)aa(t)
= %sinQ(@)cos (©) 1—|—|f0 dt o7 (t)a 2(t)[?).

(4.50)

(4.51)
Analogously, the probability for two-photon impinging on different detectors can be obtained with
respect to equation 4.49. Here, it is exemplarily calculated for the detector combination APDy,

AP Dy which corresponds to the creation operators 31 () and IS; (t):

(i (Tyman (T)jasy = Jg dr Jy dr’' (@151 (7)bhy (7)bua (7)bara (7| @)
= 1sin?(0) + cos?(O) — sin?(O) cos?(O)| fOT dt o (t)az(t)|%.
(4.52)
The evolution of the other three Bell-states at the beam splitter can be calculated the very same
way. Table 4.1 shows the coincidences generated by photons in one of the four Bell-states with their
respective probability. All non zero results depend on the term | fOT dt o} (t)ao(t)|* which describes
the temporal mode overlap of the two single photon wave packets. For perfect overlap the photons
would generate the coincidences introduced in section 4.1.2. Otherwise there is a final probability
to detect two photons which are in a |¥™)-state in detector combinations D—, which is assigned
to the |~ )-state, and vise versa. In the same way two photons in a |®¥)-state can be detected in
detector combinations D@. For 0 mode overlap the term | fOT dt o (t)aa(t)|? is zero, and the |¥+)-
stats distribute each equally over the detector combinations D— and D+ and the |®¥)-state over the
detector combinations D@ and the not detectable detector combinations (white noise). In this case
there is no interference. Thus, the mode overlap of the two single photon wave packets has a major
influence on the two-photon interference contrast.
According to equation 4.29 the joined interference contrast is defined by the number of two-photon
events in the detector combinations D—,D-+ and D&. It can be written down in terms of the coinci-
dence probabilities presented in table 4.1:

2npy 4sin*(©) + 4 cos*(©) — 85in%(0) cos?(0)| fOT dt o (t)aa(t)|?

C=1- -
np+ +Np— 25in*(0) + 2cos*(0) + 45in?(0) cos?(O)

(4.53)
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‘ Bell-state ‘ det. comb. ‘ mean two-photon count in detection time window [0, 7] ‘
D— 0
&) D+ 0
Do sint(©) + cos*(©) — 25in%(0) cos?(0)| fol dt o (t)aa(t)|?
n.d. 25in?(0) cos?(0)(1 + | fol dt o (t)az (t)]?)
D— 0
&) D+ 0
Do sin4(@) + cos4(@) — QSinz(@) cos?(0)| fol dt o5 (t) o (t)|?
n.d. 25in?(0) cos?(0)(1 + | fol dt ok (t) o (t)[?)
D— sin?(0) + cos*(©) — 25in?(0) cos?(O)| fOT dt o (t)az(t)|?
o) D+ 25in2(0) cos?(Q) (1 + | J)| dt ax(t)aa(t)?)
Do 0
n.d. 0
D— sin?(0) + cos*(©)+25in%(0) cos?(0)| fo dt o (t)az(t)|?
o) D+ 25in%(0) cos?(O)(1 — | fo dtoz1 s (t)[?)
Do 0
n.d. 0

Table 4.1.: This table shows the evolution of two photons in a certain Bell-state at a non-polarizing
beam splitter. The coincidence probability for each Bell state is listed for every class
of detector combinations with respect to the reflectance and transmittance of the beam
splitter and the temporal mode overlap of the two photon wave packets. n.d. is for the not
detectable detector combinations (both photons impinge on the same detector)

This expression simplifies in case a perfect beam splitter is assumed, which is realistic with respect to
subsection 4.5.4:

T
C = / dt af (t) e (1)|2. (4.54)
0

In this case the contrast is equal to the expectation value of the overlap of the two single photon wave
packets.

The expected probability to correctly identify the two- photon state (P'™°) can be calculated the
same way as in the previous subsection. The probabilities PP = to detect two photons in the detector
combinations D—, which are in the |¥~)- or in the| U™ )-state, are defined by the mean two photon
counts in table 4.1. Thus, the probability is given by

tmo P\Ilj)f sin4(@) + cos?(©)+2sin?(O) cos?(0)| fOT dt o5 (t) o (t)?
P = —5— 5= = — . (4.55)
P-4 p 2sin*(0©) + 2 cos*(O)

In case of a perfect beam splitter, this term can be simplified to the following expression:

PmO — 05 (14| / dt o (H)as(t)2) 4.56)

55



4. Two-Photon Interference

It shows that also this expression is directly related to the expectation value of the overlap of the two
single photon wave packets. Therefore, it is inalienable to secure a high temporal mode overlap in the
experiment.

4.2.3. Influence of the Spectral Mode Overlap on the Interference Contrast

The two single photon wave packets which impinge on the beam splitter may have different spectra
caused by three main reasons [84]:

1. Doppler broadening due to thermal motions of the atoms.
2. The Zeeman states of the ground state shift because of external magnetic fields.
3. One photon is excited via an off-resonant transition and decays into a different ground state.

In this subsection these three reasons for a non perfect spectral mode overlap of the two single photon
wave packets are described in detail followed by discussion of their influence on the two-photon
inference contrast.

The finite temperature of the two trapped atoms causes a residual motion of each atom in its dipole
trap. The motion along the axis, in which the single photons are collected, leads to a first-order
Doppler shift, whereas the motion orthogonal to this axis leads to relativistic higher-order shifts which
are negligible. Thus, only the distribution of the motion of the atom along the collection axis con-
tributes to the considered Doppler broadening. The trapping potential can be assumed to be harmonic
because the thermal energy of the atom is much lower than the depth of the dipole trap. Therefore,
the distribution of the kinetic energy is equal to the one of a one dimensional harmonic oscillator in

thermal equilibrium:
1 1 1

= — e
VT NVEBT \/Egin

This leads to the following velocity distribution:

m 2
_ —mv® 2k pT 4
p(v) =\ 5 : (4.58)

with a standard deviation of o, = 1/k5T/m, where m is the mass of a 8" Rb atom. The first-order
Doppler shift is given by

p(Ekin) ~Phin/kpT (4.57)

b = w2, (4.59)

C

and therefore the standard deviation of the frequency distribution is given by
Oy

Ow =wW—. (4.60)
&

The relative frequency spread between the two singe photon wave packets is calculated by

Owrel =\ 02 + 02, (4.61)

External magnetic fields are the second reason for a spectral mismatch of the two single pho-
ton wave packets. They cause a first-order Zeeman shift of the two atomic ground states 5251/2,
|[F =1, mp = £1) by £2 - 0.7 MHz/G, while the excited state 5% Ps,, |F’ = 0, mp = 0) is not af-
fected by a first-order Zeeman shift (see figure 2.1). Thus, the two ground states would be no longer
degenerated and the frequencies of both transitions would be different.
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The third reason for a spectral mismatch of the two wave packets is an off-resonant excitation of
one atom and the subsequent decay into the other ground state of this atom (525, /oo F' = 2)). The
frequency mismatch of the wave packets is in this case very huge. It will be further discussed in the
next section.

After discussing the reasons for a frequency mismatch of the single photon wave packets, the in-
fluence of the mismatches on the spectral mode overlap of the two single photon wave packets is
illustrated. In principle, the spectral mode overlap of the two wave packets is already discussed in cal-
culations of the previous subsection as the complex function «;(t) also includes the frequency range
of the single photon wave packet. It can be defined as the Fourier transformed frequency dependent
function oy;(w) [83]:

a;(t) = \/ﬁ/dw oi(w)e ™t (4.62)

Thus, a mismatch of the spectral modes of the single photon wave packets directly influences the
two-photon interference contrast as shown in equation 4.54 and 4.56.

In order to evaluate the influence of the above introduced reasons for a frequency mismatch sepa-
rated from any temporal mode overlaps a photon wave packet is exemplarily assumed where the decay
rate 2 of the atom is much smaller than the Rabi-frequency. Thus, the wave packet can be described
by an unit step function St as an approximation for the wave packet observed in the experiment of-
fering a good impression of the influences of wave packets with different frequencies on two photon
interference. Here, the temporal amplitude «;(¢) of the wave packet is described by the following
equation:

;i (t) = —in/2ye ) emiwilt=to) Gy (¢ — ), (4.63)

where t is the time when both atoms are put into the exited state. This allows the calculation of the
expectation value of the overlap:

1

T
| / dt o (Bas (1) 2

where the amplitudes of the wave packets outside the detection window [to, 7| are negligible, and
Aw = wy — wo is the frequency difference of both wave packets. This serves well for the estimation
of the frequency mismatch caused by a constant magnetic field and off-resonant excitation. But for
estimation of the frequency mismatch caused by the Doppler shift a distribution of frequency differ-
ences Aw has to be considered. With assumption of a Gaussian distribution the expectation value of

spectral overlap is:
[ee]

1 1 A
= | dAw——— ¢ Fira, 4.65
V 27To'w,rel / 1+ Aw2/4'72 ( )

In order to calculate the maximal interference contrast possible with the already introduced reasons
for a mismatch of the spectral mode overlap, the expectation value of the overlap in equations 4.54 and
4.56 has to be replaced by equation 4.64 or 4.65, respectively. This leads to the following expressions
for interference contrast and the probability to correctly identify the two-photon state (P*"°):

o0

c=—_! / PV B v (4.66)
= 27T0-w,rel w 1 + Aw2/472e ’ .
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[o¢] 2
1 1 — 523
SMo __ . _ QUW,TE
Pr=05 0 / B TR ) 67
— 0o

A frequency mismatch of the two photon wave packets also causes a time dependence of the bunch-
ing probability. This leads to an expected two-photon probability for certain detector combination,
which depends on the detection time difference of the two photons. In order to calculate this depen-
dence, equations 4.48 and 4.49 have to be rewritten:

T
(mij (T)ma; (T + At)) = % / dr (b (7 + At)bL(7)bij (7)bij (T + At)), (4.68)
0
T
(mi (Tymq s (T + At)) / dr (bl (T + At)bL(7)bij (T)birys (7 + At)). (4.69)
0

Thus, the overlap integral fo dt a7 (t)aa(t) presented in the results in table 4.1 is replaced by:

T
/dt as(t)a(t + At)aq (t)as(t + At). (4.70)
0

If a1 (t) = ae(t), this expression represents the convolution of the detection time probabilities of two
identical photons. But if the two single photon wave packets have different frequencies, the expression
is more complicated. If the temporal shape, which is defined by equation 4.63, is applied to equation
4.70, this expression reduces to the following term:

T
/ dt 4,}/2647@() —t)—Q’YAteiAwAt _ ,ye—Q’VAteiAwAt' (471)

to

Equation 4.71 indicates that the two-photon coincidence probability for photons with a frequency
difference of Aw, oscillate with the detection time difference of both photons. Table 4.2 shows this
probabilities for photons with a detection time difference of At and a frequency difference of Aw for
every detector combination and each two-photon input state.

The two-photon count coincidence probability as function of the detection time difference of the
two photons presented in table 4.2 is directly measurable. Therefore, it is a good alternative in order
to check for frequency differences of the two single photon wave packets. Note, only the detector
combinations D& show observable oscillations. The other two detectable detector combinations just
exchange two-photon events as indicated by table 4.2.

4.2.4. Influence of the Spatial Mode Overlap on the Interference Contrast

A non perfect spatial mode overlap of the two single photon wave packets reduces the maximal achiev-
able interference contrast analogously to the discussions in the previous subsections.

However, this experiment uses a single mode fiber beam splitter as introduced in subsection 2.3.5.
This kind of fiber beam splitter guaranties a perfect spatial mode overlap of the two single photon
wave packets, and therefore the interference contrast is not reduced by any spatial mode mismatches.
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Bell-state | det. comb. mean two-photon count
D— 0
1&+) D+ 0
Do sin?(©) + cos?(©) — 25in?(O) cos?(O)ye 272 cos(AwAt)
n.d. 25in%(0) cos?(0)(1 + ve~ 272 cos(AwAt))
D— 0
@) D+ 0
Do sin*(©) + 0054(@) — 25in?(0) cos?(0)ye 272 cos(AwAL)
n.d. 25in?(0) cos?(0)(1 + ye 272 cos(AwAL))
D— sin?(0) + cos4(@) — 25in%(0) cos?(0)ye= 272! cos(AwAt)
n D+ 25in%(0) cos?(0)(1 + ve 272 cos(AwAt))
)
Do 0
n.d. 0
D— sin(0) + cos?(0)+25in?(0) cos?(0)ye =272t cos(AwAL)
_ D+ 25in?(0) cos?(0)(1 — ye 272 cos(AwAL))
)
Do 0
n.d. 0

Table 4.2.: This table shows the time-dependent evolution of two photons in a certain Bell-state at a
non polarizing beam splitter. The coincidence probability for every detection time differ-
ence of the two photons is listed for every class of detector combinations with respect to
the reflectance and transmittance of the beam splitter and the frequency difference of the
two photon wave packets. n.d. stands for the not detectable detector combinations (both
photons impinge on the same detector)

4.3. Model for Analysis of Two-Photon Interference
Measurements

A two-photon interference experiment is influenced by two-photon emission events as discussed in
the previous section. These events cause specific detector coincidences (colored noise) in every basis
of photon analysis (see chapter 3). Therefore, the measured interference contrast C', defined in section
4.1, would be different for different bases of photon analysis emphasizing its limited validity. The
fraction of photon pairs F;,; impinging on the beam splitter, which show interference, provides a more
significant number. It does not only involve coincidence detections but all photon pairs impinging on
the beam splitter and entering the detection setup. Thus, even photon pairs which impinge on one
detector are taken into account. This is imported because the probability to detected a two-photon
emission event is different in the two measurement bases as especially the relative amount of those
events, which impinge on the same detector, differs (see 3.5.4). Only by taking into account all photon
pairs, a statement about the interference quality, which is independent of the measurement basis, can
be made.

The considerations in section 4.2 show that two photons at a beam splitter, which originate from
two different atoms, have an interference probability according to their mode overlap. Thus, in case
of a perfect mode overlap, the photons interfere perfectly, and only cause detection events, which
correspond to a Bell-state, as shown in table 4.1. But in case of a non perfect mode overlap, the
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4. Two-Photon Interference

photons have a reduced interference probability. Then, photons in a |®*)-state may impinge on
D@ detector combinations , photons in a |[UT)-state may cause detection events in D— detector
combinations and photons in a | ¥~ )-state may be detected in D+ detector combinations. In case of
zero mode overlap, coincidences in all detector combinations have the same probability (white noise)
as the photons are in an equal mixture of all four Bell-states. In summary, a reduced mode overlap
causes background events like white noise.

The discussion above shows, that the photons impinging on the beam splitter can be divided into
three categories. In the following a photon arriving at the beam splitter is labeled by a full dot (e) as
well as a photon not arriving at the beam splitter by an empty dot (o), respectively as graphical short
notation:

1. Photons, which perfectly interfere, and only cause coincidences in detector combinations which
correspond to an Bell-state (FPj,;).

2. Photons, which do not interfere because of a reduced mode overlap, and cause the same coinci-
dences as white noise (FP,,;).

3. Photons, which originate from a two photon emission event, and cause colored noise (P..‘o).

All the categories have a specific probability (p“‘o, pgnt and pgi with d € {D+,D—, D@} and
b € {HV, RL}) to cause a given two-photon coincidence. These probabilities are shown in table 4.3.

‘ involved det. \ tp effect H LHV ‘ d.RL

d d
ee0 poo\o i Pint i 2

APD;, APD, L o+ ; ; N : : - 1 1
APDWAPQJ D— || 307 + (3po + 3007 | 197 + (3pa+306)P0 | 3 | 1
APD, [, APDy -

1. 0% | /1, | 1\, 0F |1 1, , 1.\ of | 1 | 1
APDy), APDy, D+ qpi™ + oo+ qppfc | 207 + (GPa+2p0)P | 7 | 1

APDll, APDQL 1 oF 1 1 + 1 ot 1 + 1
APD,, . APDy, D@ || 1p?™ + (Apa + 1po)pf 07 + 5peph 0 | 7
APD,,, APD;y,

APDQL, APDQL 1 ot 1 1 ot 1 ot 1 st 1 1
APD,,. APD;, n.d. || 307 + (5Pa + 7Pe)PT IPT + 5PePh 3 | 1

APDy , APDy

Table 4.3.: This table shows probabilities p”‘o, pd . and pd, (with d € {D+,D—,D@} and b €
{HV, RL}) to generate a specific detector coincidence for all three categories Paejos Pint
and P,;;. The probabilities are derived from considerations about coincidence detections
caused by two-photon emission events in the H/V- and R/L-basis presented in section
3.2.1 and 3.2.2 as well as from considerations about the influence of a reduced mode
overlap of the two-photon interference probability presented in section 4.2. The values
of probabilities shown in this table are each introduced in previous sections and are only
summarized here: p, = 0.781, p, = 0.031 and p. = 0.188 (see subsection 3.2.2) -
pi’i = 0.19 £ 0.10 and pﬂi = 0.81 £ 0.10 (see subsection 3.5.4). “n.d.” stands for
not detectable. The detectable fraction of these relative probabilities can be summa—

b D+,b D@,b
rized as follows: p8u|m = ”J‘; + p”|o + p,.i , piim = pPt 4 pP 4 pP2 and
pL:Lzsz - pm +pm + pgzg‘
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4.4. Interference Probability of Photons Originating from Two-Photon Emission Events

In analogy to the quantitative analysis of the single photon source presented in section 3.4 the
colored noise of two-photon emission events can be used to analyze two-photon interference mea-
surements and to determine the values of the fractions Pjns, Pn; and Poejo. The ratio of events in
detector combinations D@ to events in all detector combinations (D+, D— and D) can be calcu-
lated from the dark count and efficiency corrected values pfl;b for both measurement bases. These
are introduced in section 3.3 for coincidences in a two-photon emission measurement but can also be
used for a two-photon interference measurement, if the probability to detect a single photon after an
excitation attempt is the same for both traps. This yields a ratio based on measured coincidences.

D@b

ptp o
D+,b Db

= R’ (4.72)
Pip " TPy Py

with b € {HV, RL}. It can be related to a ratio, which is based on the relative coincidence probabili-
ties of the fractions Py, P and P, in different detector combinations shown in table 4.3:

Db D D
R L 2wl P Bt 0 T 4.73)

P.,|O Poo\o + Pfﬁ?ﬂnt + pfﬁum

By considering measurements in two bases and the normalization P;,,; + P,,; + P,,|O = 1 this forms
a solvable set of equations yielding P, P,; and P,,|O.

In case of no two-photon emission events, only a measurement in one basis of photon analysis is
nessesary to solve the set of equations, and to determine P;,,; and P,,;. It yields

) pD@,b
t
Pibnt =1- D+.,b e D—b’ (474)
Pip " T Pip

which is equivalent to the interference contrast, if one uses dark count and efficiency corrected values
instead of the pure count rates ng4 for its calculation.

4.4. Interference Probability of Photons Originating from
Two-Photon Emission Events

Two-photon emission events have a considerable influence on the effective interference results as
already discussed in the previous section. But not only the detection of a two-photon emission event
reduces the interference contrast, but also the detection of a single photon from one atom and the first
or second photon from a two-photon emission event from the other atom influences the contrast. It is
sufficient to distinguish between three cases of two-photon events:

1. events at which both photons originate from the same atom: (e e |o)

2. events at which a single photon from one atom and the first photon out of a two-photon emission
event from the other atom impinge on the beam splitter: (e o |e)

3. events at which a single photon from one atom and the second photon out of a two-photon
emission event from the other atom impinge on the beam splitter: (o e |e)
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4. Two-Photon Interference

The first case shows no interference as the two involved photons have zero mode overlap (see chapter
3). The latter two cases are fundamentally different from the first case. These are still events at which
two-photons impinge on the beam splitter, but here three photons are emitted altogether as also a
single photon is emitted from the other atom. Contrary to the events of the first case, which show no
interference at all, these events might show a reduced interference contrast. The second case contains
two-photon emission events of the types I and II (e o; |e) with i € {I, I} (see subsections 3.2.1 and
3.2.2), equally to the first case, whereas the third case also contains events of the type I1I (o e; |e) with
i € {1, II, 11T}, i.e. the first emitted photon was 7-polarized (see subsection 3.2.3).

Higher order multi-photon events, at which all three photons of the second or third case impinge on
the beam splitter, or four photon events, at which both atoms emit two photons, are neglected as their
probabilities are low compared to the probabilities of the above introduced events.

In the following subsections the relative probabilities of the three cases of two-photon events are
discussed as well as the influence of the latter two cases on a two-photon interference measurement.
Finally, the model presented in section 4.3 is extended in order to give an analysis of two-photon
interference measurements which respects (e o |e)- and (o e |e)-events.

4.4.1. Probabilities of the Three Cases of Two-Photon Events

The three cases of two-photon events have fixed probabilities. As the probability for a (e e |o)-event is
given by P, calculated using the model introduced in section 4.3, the probabilities Py.je and Foq|e
of the other two cases can also be determined. In these two cases the second atom has to emit a single,
o*-polarized photon in addition to the two-photon emission event of the first atom. The probability
for the emission of a single, o= -polarized photon is ny,; = 0.65 (see equation F.29). Subsequently,
the considerations nessesarry to calculate P, and F,,|, are presented:

In case of a (e o |e) two-photon event, the second photon of the two-photon emission event does
not impinge on the beam splitter. It need not couple into the detection fiber, and thus may also
be m-polarized. Considerations in section 3.4 show that in 1/3 of all type I and in 7/15 of all type
IT two-photon emission events the second emitted photon is 7-polarized. This yields the following
probability of a (e o |e)-event:

P.O‘. = 0.65 - (3/2 . pIai + 15/8 . pIUIi) . Poo\o' 4.75)

Type I and type II two-photon emission events have the following relative probabilities in a two-
photon event of the second case:

+

= 0.65 - M 4.76)
Pleole = - 2 Puoje '
and
15-p% - P,
Pileofe = 0.65 - —— L=l (4.77)

8'Poo|o

where p7 * and pfli are given in subsection 3.5.4.

In case of a (o e |e) two-photon event, the first photon of the two-photon emission event does not
impinge on the beam splitter, and may be m-polarized. This allows type III two-photon emission
events. Thus, the probability for such an event is:

Praje = 0.65 - (Pagjo + (1 — (1 = pep—1m1)?)), (4.78)
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4.4. Interference Probability of Photons Originating from Two-Photon Emission Events

where py,_111 = 0.052 is calculated by the quantum jump model presented in appendix F (see also
subsection 3.2.3). Here, type I, type II and type III two-photon emission events have the following

relative probabilities:
+

7 Poo o

Prosje = 0.65 - ZL_"22l° (4.79)
ce|e
+

p?} : Poo|o
cele — 0.65 - ————— 4.80
P1l,ce| Poo‘. ( )

and ,

1—(1-— _

Pt oee = 0.65 - (1 = prp-m1)” “.81)

Poo|o

In summary, the relative probabilities for the three cases of two-photon events are given by the
following equation:

+ + _ _
Paejo = (0.65 - (3/2-pf~ +15/8 - pf )) ™"+ Paoje = 0.657" - Poge — (1 — (1 — pip—1m1)?)  (4.82)

4.4.2. Interference Probability of Events of the Second Case (e o |e)

In case of a (eo)-event (only the first photon of a two-photon emission event impinges on the beam
splitter) the emission of the second photon influences the temporal shape of the first emitted photon al-
though the second photon is not even detected. Therefore, the expectation value of the temporal over-
lap of a photon from a (eo)-event and a single photon from the other atom impinging on a beam splitter
is reduced. The two photons emitted by one atom form a two-photon state | dt1dta cv;(t1,t2)|t1)[t2)
(with ¢ € {I, IT} - depending on the two-photon emission type), where the first photon is emitted at
time ¢1, the second one at time t5 and «; (1, t2) is the temporal amplitude of this state. The projection
of this state on a certain emission time ¢ of the second photon yields the (pure) state [ dit13;(t1]t2)|t1)
for the first photon, where:

|ovi(t1, ta)|?
f dtl |Oéi(t1, t2)|2

The temporal amplitude (3;(¢1|t2) describes the temporal shape of the wave packet of the first emit-
ted photon, if the second one is emitted at a given time 5. It differs for both involved types of two-
photon emission events (I and II; see subsections 3.2.1 and 3.2.2, respectively) and it’s expectation
value can be calculated for both types as the full description in appendix F shows.

In detail, the quantum jump model, introduced in appendix F, allows calculation of the probability
Dtpe,i(t1,12) to emit a first photon at time ¢; and the second one at time ¢, for every type of two-
photon emission event (see equation F.33). This probability is plotted for two-photon emission events
of types I and IT in figure 4.3 and 4.4, respectively. After normalization by ng,,q; (see equation F.34),
Pipe,i(t1,t2) corresponds to the probability distribution of c(t1,t2):

Bi(ti|t2) = (4.83)

i(t1,1
’Oé(tl,tg)‘Q _ ptpe,l( 15 2) ) (484)

Nond,i

This expression allows also the calculation of 3;(¢1; t2) with expression 4.83, and thus the calcula-
tion the overlap O%Oi‘.(tg) (see equation F.39) of the wave function of a single photon and a photon

originating from a (eo)-event for every emission time to of the second photon. These overlaps are
plotted for both types of two-photon emission events (I and II) in figure 4.5.
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2.x1076

1.x107°

event probability
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Figure 4.3.: Probability to emit a first photon at time ¢; and a second photon at time to (|ar(t1,t2) ]2)
if the atom was excited a second time caused by imperfections of the polarization of the

excitation light per excitation attempt (two-photon emission event type I). The upper plot
is a 3D-Plot and the lower plot is a density plot of the same probability.
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Figure 4.4.: Probability to emit a first photon at time ¢; and a second photon at time ¢o (|oqy(¢1, tg)\z))
if the atom was excited a second time caused by off-resonant excitation per excitation

attempt (two-photon emission event type II). The upper plot is a 3D-Plot and the lower
plot is a density plot of the same probability.
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480 500

Figure 4.5.: Calculated overlap of a photon originating from (eo)-event with a single photon OEOI lo (t2)

(red) and OEOH‘.(tg) (blue) against the emission time of the second photon ¢5.

2

e0; |0’

(02 (t2) ) weighted with their respective probability (py, ;(t2) = [ dty |ai(ty, t2)|?) are summed

o0;|e
incoherently (see equation F.40). In this experiment the results are Ofoﬂ. = 0.382 and OfOH‘. =
0.385.

In order to determine the expectation value of the total mode overlap O the coherent overlaps

4.4.3. Interference Probability of Events of the Third Case (c e |e)

For events of the third case the atom can only be excited a second time after emission of a first photon.
Therefore, the temporal shape of the wave packet of a second photon originating from a (ce)-event
must differ from that of a single photon. Analogously to the previous subsection, the resulting two-
photon state is described by [ dt1dts ai(t1,t2)|t1)|t2) (with ¢ € {I, II, III}), where the first photon
is emitted at time ¢1, the second one at time to and «v; (1, t2) is the probability amplitude of this state
for every two-photon emission type ¢ (see equation F.35). The projection on a given emission time #;
of the first photon yields the (pure) state [ dt2[3;(¢2[t1)|t2) for the second photon, where:

|ai(ty, t2)]?

tolt1) = '
Blta|t1) [ dto oy (t1, t2)]?

(4.85)

In contrast to the second case, the third case of two-photon events also includes two-photon emission
events of type III (see subsection 3.2.3). The probability to emit a first photon at time ¢; and a
second photon at time t9 caused by a two photon emission event of type III is given by expression
Pepe,1i(t1, t2) (see equation F.33). After normalization this corresponds to the expectation value the
temporal amplitude |ar(7, £)|%, which is shown in figure 4.6.

Furthermore, in contrast to (e o |e)-events the two photons impinging on the beam splitter might
have different central frequencies. In a type 1I two-photon emission event the atom decays to the
ground state 525, /2,|F" = 2) with a probability of 0.219 thereby emitting a photon whose frequency
is different by 6.8 GHz. According to subsection 4.2.3 this causes fast oscillations of the probability
to detect coincidences of two photons, being in a |W™)-state (|®)-state), in detector combinations
D+ or D— (D@ and n.d. - both photons impinge on the same detector) with respect to their detection
time difference (see table 4.2). These oscillations are much faster than the temporal resolution of the
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Figure 4.6.: Probability to emit a first photon at time #; and a second photon at time ¢ (o1 (1, t2)[%))
if the atom was excited a second time caused by a decay into the initial state after first
excitation per excitation trial (two-photon emission event type III). The upper plot is a
3D-Plot and the lower plot is a density plot of the same probability.

installed detectors. Therefore, these events are treated as non-interfering, generating all coincidences
with equal probability.

In case the atom decays to the ground state 5% jo,|F = 1) after the second excitation, j3;(t2;t1)
describes the temporal amplitude of the (pure) state f dtaSB;(te; t1)|t2) for the second photon in anal-
ogy to the previous subsection, and the mode overlap of a single photon with a photon of a (ce)-event
Og..‘.(tl) is calculated by equation F.42 for the three types of two-photon emission. The results are
preslented in figure 4.7.

The expectation value of the total mode overlap Og.i‘. is determined by incoherently summing

all individual coherent overlaps (Og.”.(tl)) weighted with their respective probability (p, (1) =
[ dts o (t1,t2)]?) as shown in equation F.43. This gives O2, . = 0.80, 02, == 0.69 and O?

or|e oerr|e oerrr|e =
0.79 .

4.4.4. Expanded Analysis of a Two-Photon Interference Measurement

Section 4.3 discusses a model which allows the calculation of the three fractions P;,,;, P,; and P,,‘o.
The fractions P;,; and P,,; consider all photons impinging on the beam splitter, which originate from
different atoms. This includes (e o |e)- and (o e |e)-events as well as events where both atoms emit
a single atom (e|e). The distribution of those events over P;,,; and P,; is defined by their respective
interference probability. The interference probabilities of (e o |e)- and (o e |e)-events depend on the
mode overlaps determined in the previous subsections.

The average mode overlap of photons of a (e o |e)-event is

OZoje = 0% 0 PLacje + Oy o * PlLacle; (4.86)

where O?  (withi € {I, I1}) is defined in subsection 4.4.2 and Pi,ecle in subsection 4.4.1.

e0;|e
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Figure 4.7.: Calculated overlap of a photon originating from (oe)-event with a single photon OS.I lo (t1)

(red), Og.m.(tl) (blue) and Ogcmlo(tl) (green) against the emission time of the first
photon #;.

Analogously, the average mode overlap of photons of a (o e |e)-event is
Oz.|. = Oi'l\' : pl,oo\o + Og.n\. *Pa - pH,oo\o + Og.m\. : pIH,oo\n (487)

where Of.”. (with ¢ € {I, II, IIT}) is defined in subsection 4.4.3, p, in subsection 3.2.2 and Dicele
in subsection 4.4.1. The fact that a (o ey |@)-event shows only a reduced interference contrast, if the
atom decays to the state 525, /2,|F" = 1) after the second excitation, is respected by p,.

Now Pint, Pri and P,|, can be converted into a new set of fractions Peejo, Pecjes Fosjes Le|e and
Perror, where Py o 1s the fraction of events, where two single photons impinge on the beam splitter
and P, is the fraction of events, which do not interfere because of other errors than a reduced mode
overlap (a further discussion of P, is given in subsection 4.6.5):

Pint = O?o\o ’ P'O" + Ogo\o ’ PO"' + O?|o ’ P'|’
Pa = (2080 Pae t (1= O] Praa 4+ (1= 02) - Pae + Porr (459
Poo|o = Poo|o

The fractions P,.‘o, P,O|. and PO.|. can be calculated due to their fixed ratio (see subsection 4.4.1).
The respective overlaps are also known. The overlap of (e|e)-events is approximately Of.‘. = 1 as test
measurements will show (see subsection4.5.4). P.‘. and P.,,. can be calculated with the following
equations:

Po\o = int_Oz

eo|e

- Pooje + 03.‘. “ Praje (4.89)

and
Perror = Pm - (1 - O%O|.) : Poo\o - (1 - Og.‘.) . Poo|o (490)

This newly defined set of fractions is important for a estimation of the quality of the entanglement
swapping protocol, which is presented in the next chapter.
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4.5. Experimental Realization

In order to study two-photon interference, the two atomic traps introduced in chapter 2 need to be com-
bined. Here, a perfect synchronization of both experiments is necessary to guarantee high temporal
mode overlap of photons emitted by the atoms. This is inalienable for a high two-photon interference
quality (see subsection 4.2.2). Also the possible frequency mismatch of single photons from both
traps and the quality of the fiber beam splitter have to be considered.

In this section the coupling of both experiments and their synchronization as well as the experimen-
tal procedure are described. Thereafter, the experimental limitations on the achievable interference
contrast are calculated according to the theoretical considerations of section 4.2.

4.5.1. Experimental Setup

The experimental setup basically consists of the two single atom traps (trapl and trap2) which are
described in chapter 2. Photons collected in both experiments are guided to the same fiber beam
splitter (see figure 2.6). The Bell-state projection of the two-photon states is performed by the same
detection setup, which is also used for the experiments described in the previous chapters, and a FPGA
signals a two-photon coincidence detected in the correct time window.

Note, the two setups are independent with exception of the synchronization, and both atoms are
excited by pulses from independent laser setups.

4.5.2. Synchronization of both Experiments

As already emphasized in this chapter, it is most important that the wave packets of the single photons,
which are generated in both experiments, overlap perfectly. Therefore, it is necessary to synchronize
the independently operating experiments.

In order to synchronize both experiments, the computer controlling trapl is used as master control,
and the computer, which controls trap2, as slave control. The master control sends commands to the
slave control, which allows to switch the status of trap2 between different modes, e.g., the mode,
where an atom is loaded into the trap, and the experimental mode. Furthermore, the so called “pattern
generators” of trap1 and trap2, which control the switching of all lasers, and generate the experimental
sequences shown subsection 2.4.1, share the same clock signal. This allows them to control the
switching of the laser beams in each experiment with a relative jitter of 31 ps. It implies the switching
of the excitation laser, which are operated in a way that single photons emitted by both atoms impinge
on the beam splitter simultaneously as the relative jitter is far below the lifetime of the excited state of
the atom (26.23 ns).

The synchronization is continuously monitored by controlling patters from both patten generators.
Any disturbance of the synchronization, e.g., caused by electrostatic discharges disturbing the clock
signal, are therefore observed by a reduced temporal overlap of the controlling patterns within 60 ms.
In such a case they resynchronized during the next 60 ms.

The switching of the pattern generators from “loading the atom” to the “experimental” pattern is
performed with respect to a common start signal control which is operated by the slave computer of
trap2. The start signal control is synchronized to the common clock, and allows switching of both
pattern generator status with a fixed relative time difference. A scheme of the synchronized setup is
presented in figure 4.8.
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Figure 4.8.: Synchronized experimental setup: The scheme shows the master control which processes
the counts from the detectors and controls the slave control. The start signal control
switches both pattern generators synchronously into the “experimental pattern”, thus the
two single photons impinge on the beam splitter at the same time.

4.5.3. Experimental Scheme

Each experimental run starts by loading a single atom in each experiment’s dipole trap (see subsection
2.3.6). The successful trapping of an atom in one of the traps leads to a rise of the single photon count
rate in the detection setup above a first threshold. In oder to discriminate, which experiment has
trapped an atom, the cooling light of one experiment is switched off and the remaining photon count
rate is observed. In case the light of the trap, which trapped the atom, is switched off, the single
photon count rate falls to the background level. Otherwise, it stays stable. With that information the
cooling light of the trap, which already trapped an atom, is switched off as this extends the trapping
time. The other trap remains in the loading mode until it also traps an atom. Then, the cooling light
of both traps is switched on again, and if the photon count rate exceeds a second threshold, which is
roughly twice as high as the first threshold, it is considered that two atoms are trapped, and the main
experiment begins. If the trap, which first trapped an atom, has lost its atom during waiting for the
other trap, the loading procedure starts from the beginning.

In case both traps contain an atom, the master computer sends the “start-experiment”-command to
the slave computer which controls the common start signal control. The start signal controller switches
both pattern generators to the experimental mode, where both atoms are subsequently prepared in a
particular ground state 5251/2,|F =1, mp = 0), before they are excited with a w-pulse to the state
52P3/2, |F" =0, mp = 0) (see subsection 2.4.1). The synchronization is set such that the emitted
single photon wave packets impinge on the fiber beam splitter at the same time. This atom excitation
procedure is repeated 20-times before the two atoms have to be cooled to counteract heating, and
thereafter starts from the beginning (the exact timing of the procure is shown in figure 2.9 a), b)). The
atom excitation continuous until the detection of two photons in different detectors within a 120 ns
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coefficient ‘ value ‘

oy 0.527
pH 0.473
oy 0.505
Joi%e 0.495

Table 4.4.: This table shows the transmittance and reflectance for a horizontally or vertically polarized
light impinging on the beam splitter installed in the experiment.

time window after the excitation of the atoms signals a two-photon coincidence (the coincidence
window is shown in figure 3.1 b)) or one of the atoms is lost. The coincidence window is defined
locally by the pattern generator of trapl, and the coincidences are processed by a FPGA-based logic
device.

4.5.4. Reduction of the Interference Contrast Caused by Imperfections of the
Setup

The two-photon interference contrast depends critically on the temporal, spectral and spatial mode
overlap of the two single photon wave packets as well as on the quality of the beam splitter in use.
Section 4.2 already discussed the influences of possible imperfections of the setup on the interference
contrast. In this subsection the magnitude of every source of error is calculated based on several test
measurements.

Beam Splitter Quality

The quality of the beam splitter depends on its transmittance and reflectance for different polarizations
as shown in equation 4.40. This equation allows the calculation of the probability to correctly identify
the two-photon, which can be maximally achieved, with a specific beam splitter. The transmittance
and reflectance of the beam splitter, which is installed in the experiment, are presented in table 4.4.
The beam splitter quality factor calculates to BS P = 0.998 with respect to these values. It shows that
the influence of the beam splitter on the two-photon interference quality is practically negligible.

Temporal Mode Overlap of the Single Photon Wave Packets

The temporal mode overlap depends on two main characteristics. The first one is the difference of the
temporal shapes of the single photon wave packets and the second one is the relative detection time
difference of both wave packets.

The temporal shape of the wave packets is determined by the time dependence of the power of the
excitation lasers, the excitation frequency and the lifetime of the excited state of the atom. While the
spontaneous decay is equal for both atoms, the shape and frequency of the excitation pulses need to be
carefully matched. Figure 4.9 shows the well-matching temporal shapes of both excitation pulses. The
frequencies of both pulses are tuned exactly to the excitation transition by calibration measurements.

The fixed delay between both excitation pulses is guaranteed by the synchronization of the pattern
generators which are responsible for the timing of the pulses. The delay is adjusted by delaying the
electrical signal for one excitation pulse by a tune-able delay in a way that the wave packets impinge
simultaneously on the beam splitter.
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Figure 4.9.: Temporal shape of optical excitation pulses measured by a fast photodiode: The blue
curve describes the temporal shape of the excitation pulse which excites the atom in trap1
and the dashed red curve the temporal shape of the excitation pulse which excites the
atom in trap2, respectively.

The temporal mode overlap of the photon wave packets can be determined by a measurement of the
detection time of single photons relative to a fixed trigger for photons from both atoms. A normalized
histogram of the detection time of photons emitted by trapl is already shown in figure 3.1 b). The
normalization fulfills the following condition:

600 ns

3 % —1, (4.91)

=480 ns

where n; is the number of detected events in a 1 ns bin of the 120 ns detection time window and A is
the normalization constant. Figure 4.10 b) shows also a histogram of the detection times of photons
emitted by trap2 which are normalized in the same way. The square root of the resulting curves can
be interpreted as the temporal shape of the single photon wave packets. Therefore, they correspond to
Qsingle(t) (see equation F.30), and the overlap integral fOT dtay;, glel(t)asmgleg(t) can be calculated.
The data of the presented histograms yields the following overlap of the single photon wave packets

of photons from both traps:
600 ns Py Py
1i 2i
Ohisto = D [\ = 09997 (4.92)
1=480 ns

It shows that a reduction of the interference contrast caused by a non-perfect temporal mode overlap
of the single photon wave packets is negligible, although there is still noise on the data. The actual
mode overlap can be considered even higher.

It is also possible to determine the temporal mode overlap of the two photon wave packets using
a curves fitted to each histogram presented in figure 4.10 b) (see F). These curves correspond the
temporal distributions of detection probability for the single photon wave packet |a(t)|? and are shown
in figure 4.10 a). They are normalized to fulfill the following condition:

600 ns
dt la(t)> =1 (4.93)
480 ns
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Figure 4.10.: This figure shows the relative single photon detection probability depending on the de-
tection time. a) shows the calculated relative detection probability of photons emitted by
trap1 (blue) and trap2 (red, dashed), respectively based on experimental parameters (see
appendix F.3.1). b) shows the histogram of the relative detection frequency of single
photons emitted by trap 1 (blue) and trap2 (red). The gray shading marks the defined
coincidence time window.

The temporal mode overlap of the two wave packets is calculated numerically and gives the following

value:
600 ns

Opw) = / dt \/|az1(t)2\/]az(t)|? = 0.9999,

480 ns

Here, an even higher temporal mode overlap is achieved because the overlap calculation is not affected
by any noise. Nevertheless, both calculations show that the temporal mode overlap is almost perfect.
Equations 4.54 and 4.56 allow the calculation of the contrast and the probability to correctly identify
the two-photon state which is achievable with that temporal mode overlap:

Chisto = 0.9994
Ca(ry = 0.9998

Pimo — 0.9997

«

P = 0.9999

The results show that the decrease of the interference contrast, which is caused by imperfections of
the temporal mode overlap, is negligible. All these calculations are restricted to the approximation
that the atom only emits one photon per excitation attempt. By including two-photon emission events
the interpretation of the histograms as temporal distributions of detection probability for the single
photon wave packet is not justified.

Spectral Mode Overlap of the Single Photon Wave Packets

The spectral mode overlap suffers from Doppler broadening of the photons caused by the residual
motion of the atoms and from shifts of the Zeeman levels of the ground state caused be magnetic
fields. Note, the dipole traps in both experiments are switched off during the excitation of the atoms
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and the subsequent single photon emission. Thus, the spectral mode of the photons is not influenced
by any AC-Stark shift.

The relative frequency spread of the two photon frequencies caused by Doppler shifts can be calcu-
lated with respect to equation 4.61 and the temperatures of both trapped atoms. An atom in trap1 has
a temperature of 105 4K Volz [45] and an atom in trap2 has a temperature of 57 K [84]. This results
in a relative frequency spread of photons emitted by atoms in both traps of:

Ow rel = 27 - 159.6 kHz.

Equation 4.65 allows the calculation of the expectation value of the mode overlap of the two wave
packets with respect to their relative frequency spread. Since the frequency of the photons is much
higher than o, ,.;, the expectation value of the mode overlap is also nearly perfect:

Oboppier = 0.9993.

The result allows an estimation of the maximal achievable interference contrast and the probability to
correctly identify the two-photon state:

Cpoppier = 0.9993

PRe . = 0.9997

The effect of external magnetic fields on the atoms is small because the magnetic fields in the trap
regions are actively stabilized to a value are smaller than 10 mG [54]. For a worst case estimation the
magnetic fields are assumed to be B = 10 mG with opposite orientation for the two traps. This way
the emitted photons would have a maximal frequency difference of 27 - 14 kHz, which is yet an order
of magnitude smaller than o, ,..; and results in an overlap

Oragn > 11072,
It shows that both Doppler broadening and residual magnetic fields have only a negligible effect on
the two photon interference contrast.

All effects discussed in this subsection combined have still a negligible influence on the interference
contrast, with the latter expected to be better than 0.997, in case the experiment suffers only from these
errors. The two-photon emission will have a far bigger impact as discussed in section 4.4. Polarization
errors in the detection setup do not have a notable influence on the measured two-photon interference
contrast as the detection setup is very carefully adjusted.

4.6. Experimental Results

In this section the results of a two-photon interference measurement are presented. The experiments
were performed as described in the previous section. To apply the model introduced in section 4.3, the
Bell-state measurement analysis was performed in the H/V-basis and in the R/L-basis, respectively.
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Figure 4.11.: Two-photon detection time correlations: The graphic shows histograms of the detection
time difference of two single photons. The blue curve corresponds to events in a D—
detector combination, the red curve to events in a D@ detector combination and the
orange curve to events in a D+ detector combination, respectively. The area of the
peak peakpgs = 0 is considerably smaller than the area of the peaks peakp, = 0 and
peakp_ = 0 due to two-photon interference. The number of events in peaks peaky = 0
and peaky = +1 with d € {D+, D—, D@} are summarized in table 4.5.

4.6.1. Two-Photon Correlations

The registered two-photon detection time correlations are summarized into three histograms for de-
tector combinations D+, D— and D@. These three histograms are presented in figure 4.11 for the
measurement in the H/V-basis. They show all detected two-photon events with a maximal detection
time difference of 12 us which fulfill the additional restriction that the photons are registered within
the already described 120 ns time window after an excitation trial (see subsection 4.5.3). In analogy to
the correlation measurements with photons originating from one atom, the area of the peaks increases
by 1/19 when going to lower detection time differences. This is caused by combinatorial reasons as
described in subsection 3.5.3. The peaks around zero photon detection time difference (peaky = 0
with d € {D+, D—, D@&}) show the two-photon interference effect. The other peaks (peaky = £n,
where the peaks at lowest detection time difference are labeled n = 1) contain two-photon events
where the wave packets of the single photons did not overlap in time. These photons did not interfere.
But these events can be used for normalization of the peaks pg; = 0 in upcoming data analysis. The
area of the peaks peak; = =41 is roughly twice as large as the area of the peaks at peakp; = 0
and peakp_ = 0. This is also caused by combinatorial reasons. The peaks peak; = =£1 include
events, where the photons originate from one atom as well as from different atoms, whereas the peak
peaky = 0 ideally includes only events where both photons originate from different atoms.

The two-photon interference effect is observable by comparing the area of the two peaks peakp; =
0 and peakp_ = 0 with the peak peakpz = 0. The area of the peak for detector combinations D& is
much smaller than the other two areas due to photon bunching. The total two-photon event numbers
in the peaks peak,; = 0 and peaky; = +1 are given in table 4.5 for all detector combinations.
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b
tp
detector combinations

D— | D+ Dy
peakg = —1 | 4327 | 4402 | 4384
H/V | peakys =0 | 1965 | 1968 | 186
peakg = +1 | 4243 | 4293 | 4313
peakg = —1 | 3919 | 3944 | 3939
R/L | peaky =0 | 1693 | 1824 | 135
peakys = +1 | 3798 | 3811 | 3839

number of coincidences n

basis peak

Table 4.5.: This table shows two-photon correlation event numbers nfl’,b (with d € {D+,D—, Do}
and b € {HV, RL}) taken in two different measurements. All events, where the photons
originate from the same or subsequent excitations, are registered.
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Figure 4.12.: Two-photon detection time correlations for the D+ detector combinations in the H/V-
basis: These graphs show histograms of the two-photon detection time correlations for
the peaks pp+ = 0 and pp;y = =£1 (blue) as well as the calculated temporal shape
of those peaks (red, dashed). The good agreement of the calculation and measurement
indicates a high degree of control over the relevant experimental parameters.

4.6.2. Temporal Shape of the Two-Photon Correlation Peaks

The temporal shape of the correlation peaks for non-interfering photons in figure 4.11 is determined
by the convolution of the temporal shapes of the two single photon wave packets. Figure 4.12 shows
the expected and the measured temporal shape of the two-photon correlations for a selection of the
discussed peaks. There is a high agreement of both curves which shows that these measurements are
not subject to errors affecting the temporal shape of the two photon correlations.

The peak peakpy = 0 might have a more complex temporal shape as discussed in subsection
4.2.3. Here, possible mismatches of the frequencies of photons from both atoms lead to oscillations
of the two-photon correlations depending on the time difference of the detected photons. Figure
4.13 shows the expected and the measured temporal shape of the two-photon correlations for these
detector combinations. Although the measured curve suffers considerably from dark count events
and two-photon emission events, it is observable that both curves fit well. This proves that photons
from both atoms have no frequency mismatch bigger than 10 MHz. Any smaller mismatches are not
observable because of the described errors.
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Figure 4.13.: Two-photon detection time correlations for the D& detector combinations in the H/V-
basis: This graph shows a histogram of the two-photon detection time correlations for
the peak around zero delay (blue) as well as the calculated temporal shape of those peaks
(red). Although the histogram suffers strongly from dark count and two-photon events
it is observable that the peak is not disturbed by high frequency modulations. It shows
that the photons which originate from both traps have the same spectral modes.

‘ basis of photon analysis ‘ contrast C' ‘
Cp— =0.905 £ 0.007
H/V Cp+ =0.905 £ 0.007

C = 0.905 £+ 0.007
Cp— =0.920 £ 0.007
R/L Cp+ =0.926 + 0.007
C =0.923 £ 0.007

Table 4.6.: Contrast of two-photon interference for the two detectable Bell-States with photon analysis
in the H/V- and R/L-basis. Cp_ represents detector combinations which correspond to
projection onto the ¥~ -state and Cp, onto the ¥ -state. The value C is the combined
contrast for both Bell states.

4.6.3. Estimation of Two-Photon Interference Contrast

The data presented in table 4.5 allow an estimation of the two-photon interference contrast. For this
purpose, the data are corrected for different detector efficiencies as shown in section 3.3, but are not
corrected for dark counts. The new values are put into equations 4.27 - 4.29 in order to calculate the
two-photon interference contrast. The results are given in table 4.6. They show that the interference
contrast is better than 0.91 in both bases.

The results show a statistical significant deviation of the contrast for the two bases. While they
still provide an estimate of the interference quality, application of the detailed model allows a better
understanding of the underlying effects.

4.6.4. Dark Count Probabilities

A more detailed analysis of the two-photon interference probability requires knowledge of the amount
of dark count events in the measurement data first. According to the previous chapter a dark count
event is defined as a detection of a dark count and a single photon in the same time window or in
subsequent time windows (see subsection 3.2.4).
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single photon det. prob. pi;z -1073

detector \ basis

H/V

R/L

APDq; 0.48+0.00024 | 0.55+0.00031
APDy 0.51+0.00024 | 0.59+£0.00032
APDy; 0.46£0.00023 | 0.56£0.00031
APDy 0.48+0.00024 | 0.59+0.00031

Table 4.7.: Single photon detection probability p]iy’z (withi € {1 L,1[,2 L,2]|}andbe {HV,RL})
after an excitation attempt for all detectors in both basis.

\ basis \ H/V \ R/L \
det. comb. \ parameter pfjcs -10710 nfi];b ngcs -10710 nfi];b
APDq |, APDQH 06.05+0.093 | 05+2.3 | 07.29 +0.112 | 04 + 2.0
APD1||, APDy | 11.89 £ 0.131 | 10+ 3.2 | 14.10 £ 0.156 | 08 £ 2.8
APDq |, APDlH 08.71 +£0.113 | 08 = 2.7 | 10.10 2 0.131 | 06 = 2.4
APD2||, APDy,| 09.19+0.114 | 08 2.8 | 11.28 =0.140 | 06 £ 2.5
APDq,,APDqy, 11.47+0.127 | 10+ 3.2 | 13.454+0.149 | 08 £ 2.7
APD2||, APDlH 06.16 =0.095 | 05 +2.3 | 07.47 +0.115 | 04 = 2.0

Table 4.8.: Probability p’* (with i # j and i,j € {1 1,1 |,2 1,2 ||} and b € {HV,RL}) to
detect a dark count together with a single photon in the same time window (dark count
event) per atom excitation for every detector combination 4, j and both relevant two-photon
interference measurements. It also shows the expected number of these events ”széb in the
presented measurements. The total number of atom excitations was /LY = 86.7 - 10° and

nll = 56.1 - 108, respectively.

Analogous to subsection 3.5.2, equation 3.1 allows the calculation of the probability of specific
dark counts events as a function of the dark count probability of each detector (see table 3.2.4) and
the single photon detection probability per excitation attempt of the current measurements (see table
4.7). The dark count event probabilities and the total numbers of dark count events are given in table
4.8.

The results show that the single photon detection probability slightly varied between the two mea-
surements. This is probably caused by a different adjustment of the optical setup. A comparison of
the event numbers in table 4.5 with the expected dark count event numbers also show that these events
have a significant influence in these measurements.

4.6.5. Analysis of Interference Quality

This subsection presents a more detailed discussion of the two-photon interference quality. It is based
on the model for the analysis of two-photon interference measurements introduced in section 4.3. For
a most precise analysis the measured event numbers of table 4.5 must be corrected for the photon
detection efficiencies of the different detector combinations and for dark count events (see subsection
3.3).

The corrected data allow the calculation of the values R”Y = 0.042 4 0.003 and R"** = 0.034 +
0.003 with respect to equation 4.73. They depend on the ratio of events in detector combinations
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D2 to all measured events. By solving the set of equations given by 4.73 and the normalization
Py + P + P,,|O = 1, the three probabilities F;,; ,P,; and P,.‘O can be extracted. The calculation
gives the following values:

Py = 0.922 +0.008

P,; = 0.064+0.010

Peoo = 0.014 £ 0.009

These results show that two photons impinging on the beam splitter interfere with a probability
P = 0.922 in the executed experiments. It is a more precise statement than the one provided by the
interference contrast, which depends on the measurement basis. This analysis also shows that with a
probability of 0.014 4+ 0.009 the two photons impinging on the beam splitter both originate from a
two-photon emission process. The value is in good agreement with the expected value based on the
two-photon emission measurements: 1 — (1 — Pt‘;i )2 = 0.01540.001 (see chapter 3). The difference
might be caused by a slightly different power of the excitation laser in these measurements.

In oder to achieve a deeper understanding of the interference experiment, case two and three two-
photon events ((eo|e) and (ce|e)) have to be considered, too. These events show a reduced interference
contrast. Therefore, P;,,; and P,,; are converted into a new set of fractions P.|., P.O‘., PO.‘. and P,y
According to the discussions in subsections 4.4.1 and 4.4.4 P, and F,,|, show the fraction of case
two and case three two photon events impinging on the beam splitter, respectively. P, shows the
fraction of photon originating from single photon emission from different atoms, and P, ., represents
the events, where the photons do not interfere because of further errors:

Pyo = 0.859+0.009
Pajo = 0.014 £0.009
Peje = 0.016£0.010
P.. = 0.075+0.006

Perror = 0.036 £ 0.018

P.,.or 1s caused by other erroneous events: For instance, the probability for two-photon emission
events of type I is only determined for trapl, and may have a slightly larger value for trap2 due to
different errors in the adjustment of the setup. This would cause additional two-photon emission
events, which generate detection events similar to that caused by white noise. These events would
be summarized in Py, although they are two-photon emission events. Furthermore, P, includes
any polarization adjustment errors in the detection setup reducing the interference quality.

The representation of the result of the interference measurement by the five fraction Pyjq, Peolo>
Pyojes Posje and Peyror 1s further needed for a detailed analysis of the entanglement swapping protocol
in the next chapter.

4.7. Summary

This chapter discussed the basic principles of two-photon interference at a beam splitter and errors
which may reduce the interference contrast. The experimental setup for two-photon interference was
introduced and characterized. Contrary to most earlier experiments, the two single photon sources are
operated independently. The data recorded in two two-photon interference measurements with photon
analysis in different bases allowed the calculation of the interference contrast. The measured contrast
is better than 90.5 % in both analysis bases. Thereafter, a detailed analysis of the two photon inter-
ference measurement was given, which also accounts for various two-photon emission events from
one atom. The dark count and single photon detection probability corrected fraction of photon pairs
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impinging on the beam splitter which show interference could be estimated: P;,; = 0.922 4+ 0.008. It
is a more significant value than the interference contrast as it considers the special characteristics of
the atomic emission events and is also independent of the basis of photon analysis.

The high interference probability proves that this experimental setup is well suited for implementa-
tion of an entanglement swapping protocol in order to generate atom-atom entanglement.
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5. Atom-Atom-Entanglement and a Test of
Bell’s Inequality

Heralded long distance entanglement of massive particles is the key which opens up new possibilities
in quantum communication as it enables new applications like quantum repeaters [17] and quantum
networks [12]. Additionally, it allows insights into the foundation of physics because it is a further
important step towards a loophole-free test of Bell’s inequality [6, 85, 86].

Until now, the heralded generation of entangled massive particles has been observed in several
different setups like trapped ions [87, 88], cold atomic ensembles [89, 90] and diamond crystals [91].
In all these experiments the two particles were in a single setup at close distance. Long distance
entanglement of massive particles has only been achieved using not-heralding protocols. Here two
atoms located up to 21 m apart from each other could be entangled [92, 26, 93].

In this experiment heralded entanglement is generated between two single neutral atoms which are
trapped 20 m apart from each other in two independent setups. The entanglement between both parti-
cles is generated via entanglement swapping, which implies that entanglement is achieved, although
the two atoms never interacted directly with each other.

In this chapter the entanglement swapping protocol, which generates the atom-atom entanglement
(AAE), is introduced as well as the basic principles of a test of Bell’s inequality. Thereafter, the
atom-atom entanglement experiment is described and its results are presented.

5.1. The EPR-Paradox and Bell’s Inequality

In 1935 Einstein, Podolsky and Rosen published a paper in which they raised the question whether the
quantum mechanical description can be considered complete [1]. They formulated three requirements
which that a physical theory should fulfill to be satisfactory in their opinion:

1. completeness: “Every element of the physical reality must have a counterpart in the physical
theory.”

2. realism: If, without in any way disturbing a system, we can predict with certainty (i.e., with
probability equal to unity) the value of a physical quantity, then there exits an element of phys-
ical reality corresponding to this physical quantity.”

3. locality: Measurements, which are outside each others light combs should not influence each
other.

Quantum mechanics can’t fulfill the latter two conditions at once. Therefore, they introduced the
possibility of local hidden variables, which determine the outcome of any possible measurement, but
can’t be measured themselves. This extended theory would fulfill their constrains on realism and
locality.

The question, whether those local hidden variables exist, remained a purely philosophical one,
until Bell introduced a way to experimentally test their possible existence in 1964 [2, 3]. The test
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Figure 5.1.: A basic EPR-experiment: A source provides pairs of entangled particles. These are dis-
tributed to Bell state analyzers (A, B) and their spins are measured each in one of two
distinct measurement directions. The observed correlations for every combination of the
measurement directions yield the parameter .S.

is based on correlation measurements on two entangled spin 1/2 particles. However, the test required
perfect correlations between the particles which is experimentally not feasible. Five years later in 1969
Clauser, Horne, Shimony and Holt presented an inequality which did not require perfect correlations
[4]. They showed that a specific expression is bound by 2, in case any local hidden variable theory is
assumed, but takes values up to 21/2 according to quantum mechanics. The expression depends on
the results of correlation measurements between two entangled particles, where each particle can be
analyzed in two different bases (see figure 5.1):

S = <O’a,0'6>—<0'a,0'6,>‘—|—‘<0'a Lo <2, (5.1
where (0@, o) is the expectation value of the joint measurement of the spins of both particles and
{a,a’}, {B, B’} are two sets of measurement bases of the first and second particle, respectively.

In the following, many experiments were performed violating this inequality [5, 6, 7, 8]. They were
based on correlation measurements between photons as well as massive particles and hybrid systems.
But until now all these experiments suffered from at least one loophole, and thus did not allow a final
statement about the existence of local hidden variables. The two main loopholes, which are not closed
simultaneously yet, are:

1. the detection loophole: at least 82.8% of particles have to be detected on each side

2. the locality loophole: the analysis of both particles (including the choice of the measurement
basis) must be space-like separated

The first loophole was closed by measurements with massive particles [10] and only recently for
measurements with photons [94, 95], whereas the second loophole was closed by measurements with
photons [9] but not by measurements with massive particles. It is still an experimentally challenging
task to entangle massive particles at large distances as well as to detect photons with a sufficiently
high efficiency.

A modification of the experiment presented in this thesis will be able to close both loopholes at once,
and thus give a final statement about the existence of local hidden variables [85, 86]. It combines the
advantages of both the high detection efficiency of massive particles and the possibility to distribute
the entanglement over large distances using photons. In order to achieve this, a new, faster atomic state
detection is required as well as an even larger distance between the two atoms relaxing the conditions
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on the speed of the atomic state detection. In a final stage both atoms will be about 400 m apart from
each other and the total atomic state detection will take less than 1 us enabling the closing of the
locality loophole.

In this thesis only the detection loophole will be closed. The so called event-ready scheme, imple-
mented in this experiment allows to take every entanglement event into account, because the atoms
are not entangled until the projection of the two photons onto a Bell-state reduces the four particle
Hilbert-space. Thus, two-photon coincidence detections, which are already described in chapter 4,
herald every atom-atom entanglement event, and a detection efficiency of 1 is guaranteed. Any errors
of the atomic state detection only decrease the possible violation of the Bell inequality but not the
detection efficiency as discussed in subsequent sections.

5.2. Entanglement Swapping and Atom-Atom Entanglement
Generation

This section describes the entanglement swapping protocol, which entangles the single atoms in the
two experiments, although the two atoms never interacted directly with each other. The protocol was
described first in 1993 [79] and demonstrated in 1998 [96] with two pairs of entangled photons, but
can also be applied on two entangled atom-photon pairs.

In subsequent subsections the entanglement swapping protocol is discussed in detail, and the model
introduced in the previous chapter is extended to describe the expected quality of the entanglement
swapping protocol in this experiment. In the end the experimentally observable atom-atom correla-
tions are discussed.

5.2.1. Basic Principles

The entanglement swapping protocol is based on Bell-state projection. In this experiment, it is im-
plemented by two-photon coincidence detections in an optical Bell-state analyzer. In case each of the
two detected photons is again entangled with another particle, the entanglement will swap onto those
other particles. It is a way to achieve entanglement between very distant particles. The actual entan-
gled state of the two final particles depends on the the state on which the two photons are projected.
Here, the entangled state of the two particles in dependence on the two-photon Bell-state projection is
calculated for this experiment.

As described by equation 2.2, the following entangled atom-photon state is generated in each setup:

) = (0. 1R+ ). L)

(5.2)
= TN, 1H) + [0, V).
Thus, the total four particle state can described by
[Tz = |TF), @ [TF),, (5.3)

where the indexes 1 and 2 denote the entangled atom-photon pair in trapl and trap2, respectively.

To calculate the entangled atom-atom state depending on the state the two photons are projected
on, the photons are expressed in terms of creation operators acting on a vacuum mode in analogy to
the calculations in chapter 4. The entangled state is shown in the H/V-basis as it is the basis in which
the photons are analyzed in the detection setup:

1
{‘I’+>z = %(mm aig + )i dgv)|0>im (5.4)
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with ¢ € {1,2}. The tensor product in equation 5.3 yields to the following expression:

W)z = %( din%H |T>m1 |T>x2 + CA&HCA‘%V |T>x1 |¢>m2 (5.5)
+ oy a1 Mae + Gppagy e w2 )10)in
1

This expression can be expanded by adding and subtracting the terms 3 - dJ{V&EV )41 1), and

5 dJ{HdzH 1) o1 |4) 49» TESPECtively:

W2 = %( dIH&;melme + dIHd£V’T>J:1H>J:2
+ gy W Mae + alpady e 5.6)
+ dalpaly M e —  Salyvay 1), M
+ Salgaby D) Wae — 314850 1000 e )I0)in.

The input creation operator &;_rj are expressed by the output creation operators lA);rj, thereby assuming a

perfect beam splitter:

W) = £ @Bl =85 (Bl + 8550 1) 41 )0
+ (bl = BBl + B0 ) 1)1 [0
+ By =BG+ 85 ) 1) o 1) 4
+ (Bly = bl ) (Bly + By ) [t [ e 57)
+ 30y = b )Ly + L) 1) 1) 00
= S0y — bl ) By + bly) 1) 1)
+ SO0 =) (bl + ) [ [V
— 30l = W) Bl 85 D1 W) as 100t
A new arrangement of the various terms gives:
[Who = ( 3Nt Mg+ W D)aa) @ 3010, — L 0L, + 81,01, — 81, bL))
+ 31 Mz = W W) @ 30100, — B85, — Bl by, + b1, B5))
+ L (e Was + War M) ® (Bl — Bhyybky)
(Mo Waz = ot M) ®  Blybhy — 8165 :))10)our,

(5.8)
where the left hand component of the tensor product describes the state of the two atoms and the
right hand side the two-photon state. The four two-atom states each are a Bell-state and so are the
two-photon states (see equation 4.23-4.26). Thus, the state can be further summarized as:

Wiz = 3(10M)a @ [67)pn)
+ %(‘(bi%la ® ‘¢7>ph) (5.9)
+ (Ve ©  [TF)n) '
+ %(‘\Pi%la X ’\Iji>ph)7

where aa labels the atomic and ph the photonic Bell-states. It shows that the projection of the two
photons onto a Bell-state swaps the entanglement onto the atoms, yielding the very same entangled
state on which the photons have been projected. Note, the entanglement only swaps onto the atoms
by the photon projection. Thus, the photon projection also serves as heralding signal for a successful
atom-atom entanglement generation. The detection setup of this experiment can only detect two-
photon coincidences, if the two photons are ina [¥),,- or [ ¥ ™), -state by detection of coincidences
in a D+- or D—-detector combinations, respectively.
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5.2.2. Model for Estimating the Entanglement Swapping Quality

All errors, which reduce the interference quality, also negatively influence the entanglement swapping
quality. Thus, the quality of the entanglement swapping protocol critically depends on the two-photon
quantum interference quality (see section 4.2). Photon coincidences, which herald the wrong Bell-
state, cause a direct reduction of the AAE visibility. In addition two-photon emission events as well
as dark count events further reduce the quality of the entanglement swapping protocol.

Here, the probability that the two atoms are in the same Bell-state, which the two-photon coin-
cidence detection heralded, is calculated. It will be called Bell-state projection (BSP) quality. This
calculation is based on the five probabilities P..|o, woles PO.|., P, ror and P.|. presented in sub-
section 4.6.5. They show the relative probabilities for the introduced categories of photons pairs to
impinge on the beam splitter. But only photon coincidences in D— or D+ detector combinations
are used for photonic BSP. Thus, in a first step the relative probabilities of these categories of photon
pairs in D— and D+ detector combinations are calculated with respect to the considerations in sec-
tion 4.2 and table 4.3. The fraction of (e e |o)-events in detector combinations D— and D+ is given
by pfﬁf’ + p“‘o ® (with b € {HV, RL}) for both bases of photon analysis. (e o le)- and (o e |e)-
events show a reduced interference contrast. Thus, photon pairs ina [¥™) pp-State can also impinge on
D— detector combinations and photons in a |¥ ™) pp-State can impinge on D+ detector combinations.
Photon pairs in |®%) pp-States never impinge on D— or D+ detector combinations as both photons
have the same polarization, and therefore can only impinge on the same detector or on D& detector
combinations. The overall fraction of (e o |e)- and (o e |e)-events, which impinge on D— or D+ de-
tector combinations is 1/2. P, summarizes all (e[e)-events. All events in a | U pp-State impinge on
D+ detector combinations and photons in a | ¥ ™) pp-State can impinge on D— detector combinations.
Thus the overall fraction of those events in a D— or D+ detector combinations is also 1/2 as photons
in ]CDi> ph-States always impinge on the same detector. P, summarizes events which do not in-
terfere because of residual errors. These events are expected to show white noise. For combinatorial
reasons 1/2 of these events impinge on D— or D+ detector combinations. The considerations yield
the basis depended probabilities P ‘t ’ szi ", pPD |f ", Pel,?fof, and P.lf.i’b. They describe the relative
probabilities for the five categories of photon pairs to cause a two-photon coincidence in a D— or D+
detector combination:

+b D+,b
PoDo\c = 1/nb : ( ..J‘ro +poo\o ) : Poo|o
Polz\j:b = 1/nb : %Poo\o
Pg\i.’b = 1/nb ’ %Poo\o (5.10)
PR = ub- 3Py,
Pelfz?:z:: = 1/nb : %Permr,
where nb = (( ?.J|rob + p..|o ) : Poo\o + %Poo\o + %Poo\. + %Po|o + %Perror) with b € {H‘/’ RL}

normalizes the sum of this new probabilities to 1.
This set of relative probabilities still does not consider any dark count events as the calculations are

based on the dark count corrected event probabilities pf’b (see section 3.3). The total number of events

D=.,b D— b D+b -

in D— and D+ detector combinations n, " = n,, = +ny, " is given in table 4.5 and the number

of expected dark count events in every detector combination 7" (with i, j € {1 1,1 [,2 1,2 ||}
is given in table 4.8. Thus, in a second step, the relative probablhty of a dark count event in a D—
and D+ detector combination can be calculated with respect to the data given in the two tables by
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probability \ basis of photon analysis ‘ b=HV ‘ b= RL ‘
A 0.008 £ 0.001 | 0.007 % 0.001
P 0.006 £ 0.004 | 0.021 + 0.013
_ﬁ\i.b 0.016 £ 0.010 | 0.016 + 0.010
_f).T.b 0.075 = 0.006 | 0.074 £ 0.005
Po. 0.859 & 0.006 | 0.847 + 0.012
—

0.036 £ 0.018 | 0.036 £ 0.018

Table 5.1.: Relative probabilities that a coincidence detection in a D+ or D— detector combination is
caused by one of the listed categories of photon pairs for the two measurement bases (with
be {HV,RL}).

following equation:

1L1),b 212,b 1L2],b 1)]2L,0
PO e T e T g e 511
de D+,b : (5.11)
Ny
=+, =+, =+,
In addition, the set of probabilities PD eelo PE g Polz o . Pe?m: nd Pff can be expanded by the

probability for a dark count event forming a new set of six probabilities:

__n*E,b +.b
wp = PR 0=Pu )
Po. = Pfo.b (1-Pys )
_OD,T,’b = PR P2 (5.12)
__N=E,b __ L0
?|o = .?:tb ( Pﬁl)c )
Pl = PD.(1-Py )

i,b _Di b _Dib _Dib Di,b _Di,b .
This new set of relative probabilities P”|O s Pecle s Poeje s Paje s Perror and Py, finally yields the

relative probabilities of all six categories of photon coincidences occurring in D+ and D— detector
combination. The values of the probabilities are given in table 5.1 for both measurement basis.

In order to calculate the Bell-state projection quality by using this latest set of probabilities, the
influence of every category of photon coincidence on the Bell-state projection quality has to be ex-
amined. The influence depends on the probability that the atomic spins are in the qubit-space (a
superposition of the states 525, 2,/ F' =1, mp: = £1)) after emission of the last photon as well as
on interference probability of two photons impinging on the beam splitter. All categories of photon
coincidences have a certain probability for heralding the correct atomic Bell-state :

* The probability P,‘. . represents (e|e)-events, which according to the mode overlap perfectly
interfere. They have per definition a probability to herald the correct Bell-state of one:

pﬁ.i 1. (5.13)

e The probability P,.‘ O represents two-photon events of the first case (e e |0). Here, no inter-

ference takes place. Still, there is a residual probability that the correct Bell-state is heralded.
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86

The atom, which emitted the two photons, can be in the state 525, /2 |F' = 1) as well as in the
state 529 /2, |[F' = 2). Tt depends on the different types of two-photon emission, which relative
provabilities in D+and D— detector combinations are given by

+, HV %p?i
Wl == 2 .14
307+ (oo + 3PP
1 ot
pgi,Hv B (pb + 5pe)PTT (5.15)
LD+ = T 5% E: '
P74 (o + 3p)D5;
as well as
+.RL %p?i
Plpt =TT £ .10
07+ (pa +0u)PT
+
4+ RL Da + Db)PY
o (Pa + Pu)PR (5.17)

107" + (Do + o)0%

(see also section 3.4 and table 4.3). The spin of this atom is only in the qubit-space at a
type I two-photon emission processes. The spin of the other atom is in the state 525, /25
|[F =1, mp = +1), 5281 )9, |F =1, mpr = —=1) or 525y 5, |F = 1, mps = 0) with equal
probability as it is expected that is also emitted a photon, although it does not impinged on the
beam splitter. If the first atom emitted two-photons via a type I two-photon emission process
and the second atom emitted a o= -polarized photon (probability for that is 2/3), the chance for
heralding the correct Bell-state is the same as for white noise:

_Di,b 12 Ui,b
Poyd = 15P000- (5.18)

—pDEb
The probability P?O‘, represents (e o |e)-events, which have a reduced interference probability.

But in this case, the interference probability is irrelevant as the emission of a second photon
changes the maybe correctly heralded atom-atom state. Still, there is a change for the heralding
of the correct Bell-state, which is equal to white noise, if both atom spins are in the qubit-space.
The spin of the atom, which emits only a single photon, is always in the qubit-space. The
spin of the other atom is in the qubit-space with following probability: 2/3p17.0‘. +5/ 12D11 e0|e
(calculated be Clebsch-Gordan Coefficients - see 4.4.1 and C). Thus, the overall probability to
herald the correct Bell-state is:

_D* 1.2 5

Decje = Z(gpl,-o\o + Epn,.q.)- (5.19)

.. DR .
The probability P, , represents (o e |e)-events. These events have a reduced interference

probability. The interfering fraction of these events, where additionally the atom spin is in
the qubit-space, is given by qu'. “ Dlosle + Ogomlo * Pll,oe|e (s€€ subsection 4.4.4), and has
per definition a probability to herald the correct Bell-state of one. But also the non interfering
fraction might herald the correct Bell-state with a probability of 1/2, if both atom spins are in the
qubit-space. The two photons impinging on a D+ or D— detector combination have different
polarizations, thus the atoms can only be in one of the states |¥*) ,,. Analogously to the
previous category, the spin of the atom, which emits the single photon, is always in the qubit-
space. The spin of the other atom is in the qubit-space with following probability (including
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the reduced interference probability): (1 — Og.l‘.) “Ploefe + (1 — 0?

00111\.) " Pill,ce|e- The total
probability to herald the correct Bell-state is:

1

_p* 1
pé)o|o - (OO.I|. 2(1 - Ogoﬂo)) “Ploe|e + (Ogonﬂo + 5(1 - Ogonﬂo)) * Pill,cele- (520)

e The probability Ffjb represents the dark count events. Here, only one photon is detected and
the change for heralding the correct Bell-state is the same as white noise, if both atomic spins
are in the qubit-space. The spin of the atom, which emitted the detected photon, is always in
the qubit-space. The spin of the other atom is in the qubit-space with a probability of 2/3. The
overall probability to herald the correct Bell-state is:

_ 12
poE = i3 (5.21)

* The probability Permr represents photon pairs, which do not interfere because of residual er-
rors. Here, the two atomic spins are always expected in the qubit-space, and as the two photons
have different polarizations, the change for heralding the correct Bell-state is 1/2. Thus, the
overall probability to herald the correct Bell-state is also:

1
Perror = 3 (5.22)

b _p*tb _pEb __pEd
The BSP quahty can be calculated by weighing the relative probabilities PP
__ptb £,
Pl and Pdc with their individual probability to herald the correct Bell-state:

error

eejo >~ eole >~ cele > ele

Qusp= PO Po +52 - Poge + 550 Proge
e Tl e Tl (5.23)
+p.|. Po|o +pe7"7"o7" : Perror +pdc : Pdc )
where b € {HV,RL}. This yields a BSP quality of Q%Y = 0.941 + 0.009 in the H/V-basis and
of QLL Bép = 0.928 4 0.017 in the R/L-basis, respectively. It shows that a BSP in the H/V-basis is
favorable. The higher quality is caused by the lower probability of (e e |o)-events in D+ and D—

detector combinations, in case of photon analysis in the H/V-basis.

5.2.3. Atom-Atom Entanglement Correlations

In order to verify atom-atom entanglement by correlation-measurements, the two atomic spins are
analyzed after entanglement generation, analogously to the atom-photon entanglement verification
discussed in subsection 2.4.3. For this purpose, the measurement basis for one atomic spin state is
kept constant, while the one for other atomic spin state is rotated for each measurement setting. The
measured relative orientation of both atomic spins in each entanglement swapping event is added up
to the event numbers N g (e o ) where S, 5" e {11, 4, 14,1} are the observed eigenstates of the two
atomic spins along their individual linear measurement directions which are defined by « (trapl) and
B (trap2). Thus, the measured correlation probability is cp = %(NT(? B LN ffﬁ )) and the anti-

correlations probability is acp = %(Néi’ﬁ) +N f? P )), where N is the total number of events at this
measurement setting.
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5. Atom-Atom-Entanglement and a Test of Bell’s Inequality

Before discussing the evolution of the correlation and anti-correlation probabilities, in case the mea-
surement basis of one atomic spin is rotated, the expected kind of correlations has to be determined.
The Bell-state projection of the two photons is performed in the H/V-basis, and therefore the atoms
are projected onto one of the following two Bell-states (6% -basis):

V) e
V) aa

(M2 e + 12 11)2)
(e W)z = )z [1)2)-

Sl

The two atomic spins show anti-correlations in the ¢”-basis independent of the Bell-state they are
projected on. This has considerable consequences as it shows that these correlations are independent
of the two-photon interference quality. In this case events summarized in P, as well as (o ey |e)- and
(o eg1 |e)-events do not reduce the expected AAE visibility. If the atomic spins are analyzed in a
basis orthogonal to the one, in which the photonic BSP took place, the atoms in a |¥'™)-state or in a
|~ )-state show different correlations. While for the |~ )-singlet-state still shows anti-correlations
between both atomic spins , the | ¥ )-state shows varying correlations (see appendix D):

’\Ij+>ph -

(1M Bz + 12 11)2)
— (D, Dy, = ), 1))
(1), 11, = ). 1))

Sl

Sl

2, 19, - 1, 1)
= =i 0. - 1. 11).)

Evidently, it is most important that the two-photon coincidence detection heralds the correct Bell-state
because the AAE visibility directly depends on the two-photon interference quality.

Finally, the correlation and anti-correlation probabilities depend on the state at which the two atomic
spins are projected on. In case the two atomic spins are in the | U™ )-state, they have the following
evolution:

ep?l” = %V\I,f(l + cos(2(av — B+ 90°))) (5.24)

acp?” = ;V\p—(l + cos(2(a — fB))), (5.25)

where V- is the visibility of the two entangled atoms (peak-to-peak amplitude of a atom-atom cor-
relation measurement) . In case the two atomic spins are in the |¥'™) state, a different evolution is
obtained:

¥’ = %V\w(l + cos(2(av + B+ 90°))) (5.26)
acp?” = %V\w(l + cos(2(a + B))), (5.27)

where Vg + describes the visibility.
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5.2.4. Estimation of Atom-Atom Entanglement Visibilities

The visibilities to be observed in an atom-atom entanglement experiment can be estimated by consid-
eration of the results of the atom-photon entanglement measurements and the two-photon interference
measurements. This estimation also respects the events where the spin of one of the atoms or of both
atoms is not in the qubit-space.

In general, after the heralding signal both atomic states are analyzed, and only two measurement
results are possible for each atom: either the atom is lost or survived in the trap (see subsection
2.4.2). In case the atom is lost, it was in the state ||), and in case it survived, it was in the state |1),
(for measurements in the H/V-basis). Also events, where the atomic spin is not in the qubit-space,
generate one of these two results, yielding a false projection of the atomic spin, and thereby reducing
the entanglement visibilities.

The probability for erasing the atom from the trap p. ; (where ¢ € {1,2} represents trap] or trap2,
respectively), in case it is in the state ||)_, is given by atom-photon entanglement measurements.
These measurements also give the survival probability of the atom p, ;, in case it is in the state |1) .
Furthermore, in case the atom is in the state 52.5; /25 |F'=1, mp = 0), it is treated as it is in the
bright state ||), and in case it is in the state 525, /2, | ' = 2), itis assumed to be erased from the trap
with a probability of 0.99. These considerations allow to calculate the correlation probability (cp) and
anti-correlation probability (acp) for every combination of the two atomic spins with respect to the
following equations:

CP = Pin,1Pin,2 + Pout,1Pout,2 (528)

and
acp = Pin,1Pout,2 + Pout,1Pin,2, (529)

where p;, and p,,,; are the probabilities that the atom of the respective trap is erased from the trap or
survived in it. According to the previous discussion, four different states of the atomic spin have to be
distinguished:

1. In case the atom is in the state ||) , they are defined as follows:
Ping = 1 — Pe,i (5.30)

and
Pout,i = Pe,i- (5.31)

2. In case the atom is in the state |1) 2 Pin,i and py¢ ; are defined by the survival probability:
Pinyi = Ds,i (5.32)

and
Pouti = 1 — Ds - (5.33)

3. In case the atom is in the state 5251/2, |F' =1, mpr = 0), pini and poye; are also defined by
probability to erase the atom from the trap:

Pin = - Pei (534)

and
Pout = Pe,i- (5.35)
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4. In case the atom is in the state 525, /2 F = 2), pini and peye,; are defined by the push out or
ionization probability itself. It has a defined value of 0.99:

Pin =1—10.99 (5.36)

and
Pout = 0.99. (5.37)

cp and acp are given for every combination of the atomic spins in table 5.2.

combination of atomic spins (5.5") ‘ ep® ‘ acp®’ ‘
™ 0.922 | 0.078
0 0.858 | 0.142
Tl 0.089 | 0.911
) 0.132 | 0.868
T mp0 0.089 | 0.911
1 mr0 0.858 | 0.142
mp0 1 0.132 | 0.868
mr0 | 0.858 | 0.142
T F2 0.045 | 0.955
I F2 0.896 | 0.104
F2 1 0.054 | 0.946
F2] 0.934 | 0.066
mFOmEQ 0.858 | 0.142
F2mFQ 0.934 | 0.066
mFO0F?2 0.896 | 0.104

Table 5.2.: Correlation probability (cp) and anti-correlation probability (acp) for every combination
of the two atomic spins occurring in the experiment. The spin-states are represented by
S and S’, where S is the spin-state of the atom in trapl and S’ the one of the atom in
trap2, respectively (with S,S" € {1,],mp0, F2}). The symbols | and 1 represent the
bright-sate ||), and dark-sate |1)_, respectively. m 0 indicates that the atom is in the state
52512, |[F =1, mps = 0) and F2 indicates that it is in the state 5°5 5, |F' = 2). The
values are calculated with respect to equations 5.28-5.37 and with p.1 = 0.904, ps1 =
0.964, pe 2 = 0.943 and p, o = 0.955, which are derived from atom-photon entanglement
measurements.

The spins of the two atoms have one of the combinations shown in table5.2 at every heralded
atom-atom-entanglement event. The exact probabilities for every combination depend on the relative
probabilities of the six categories of photon pairs impinging on D+ and D — detector combinations,
which are given in table 5.1. Every category has an individual probability for every spin combination.
These provabilities determine the total correlation and anti-correlation probability for every category,
and thus the expected visibilities. Note that the two spins show correlations or anti-correlations ac-
cording to the heralded entangled state and the basis, in which the atoms are analyzed (see subsection
5.2.3):

__p+,HV
1. Events represented by the probability Pﬁ. have the following visibilities:
1 1
Vit oo = 5(acp™ +acp™) — S(ep' + p), (5.38)
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1 1
Vitae = 5(acp" +acp™) — (' + o), (5.39)
Lo wy_ Lo
Ve oo = §(a0p + acp*) — §(Cp + cp*Y) (5.40)
and
1 1
Vi e = 5(@@29” +acp™) — S(ep* + ep™). (5.41)

2. Events represented by the probability P have the following visibilities:

error

1 1

V\I,Jr error = i(acp¢T + acpu) - i(cpiT + cpN), (5.42)
1 1

V\I{{Yew o = §(acpH + acpu) — §(cpH + cpw), (5.43)

1 1
Vet U+ error Z(CPTT + epPt + opt! + cpu) — Z(acpTT + acp™ + acp*t + acpu) (5.44)
and

1 1
Vf_M,e ror = Z(acpTT + acp*t + acp™ + acp™) — Z(cpTT + ept + eptt +ep™). (5.45)

__pDE,HV
3. Events represented by the probability Pch have the following visibilities:

%%(acmeoT + acp™FN + qeptmEO 4 acp™FYY))
_{_%i mp0T + cmeOJ/ + CpimFO + CmeFO))

(5.46)

i(acme T+ acp™r 0l 4 ach”F 0 4 acpt™r 0))

34
i( mFOT +CmeOJ/ _{_CpJ/mFO +CmeFO)),

R
=

wl»—t’\wh—‘

(5.47)

+

Vfﬂ{lc = (33(cp™ + cpH + cp*T + cp™)

%(acme T+ aep™F % 4 aephmr0 4 geptme )

+ G

W= o=

(5.48)

_l’_

and

o

v Mdc = +(acp™ + acp™ + acp*! + acp™)

22 (acp™ T + acp™r % + acptmr0 4 acpt™rO))
(gi(cpTT + Cpii + CpiT + CpN)

%%( mp0T 4 CmeOi + cpimFO + CmeFO)).

1 o

(5.49)
+
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4. Events represented by the probability P have the following visibilities:

oo\o

+,HV
Vit eo = (D (33 (acp™ + acp™ + acp*! + acp™)
+35(acp™ O + acp™r O + acptmr0 4 acpt™r0))

i HV
+pfpe (5205 (31(acp™™ + acp™ + acp™T + acp™!)

pc F2 2 2 9
Pp41/2Pc (3 4 (anT + (ZCpJ/ + acp T + acp J")

_{_é 1 (acme0F2 + achQmFO))))
ot HV

—|—3 4(cme0T + cmeOi + cpimFO + cmeFO))

ot HV
TP D+ (ﬁzpc(z 1(ep™2 + epH? 4 pf?T 4 pf'™)

+3 (CmeOF2+ch2mFO))

Pe 1F2 1F2 Fot F2l
pb+1/2pc(34(p + cpt e+ ep et + ept )

+%%(CmeOF2 + ch2mF0))))7

(5.50)

+ HV
V\II;{‘T‘.‘O fr (p?D:I: (2 1 (acpTT + anJAL + a[cpif/l\ + anTlf)
+ (acme T + acp™r 0L 4 acpimF O 4 acpt™r 0))

i HV
—i—pH D+ (1#32?6(3 4(acpTF2 + acp¢F2 + anFQT + ach2¢)

—}—%%(acmeOFQ + achQmFO))

P (21 T2 | F2 F2t F2l
pb+1/2pC ( (acp + acp + acp + acp )

+3 2(acme0F2 + achQmFO))))
+,HV
(7 pr Gilep™ +epH +cpt +cp)
+1 I(CmeOT + CmeOL + CpimFO + CmeFO))

i HV
+pf1 p+ ( pbﬁ;pc(%i(cme 4 opHF2 4 pF2t 4 opal)

_}_%%(CmeOFQ + CpFQmFO))

Dc F92 2 F2 9
Dpy1/2Pc (3 1 (CpT + ep 24 epf 4 op i)

+1 I(CmeOFQ + CpFQmFO)))),

(5.51)

+,HV
V\IﬁL oo|o - (p I,D+ (3 4(CpTT + cplhL + cpiT + CPN)
+1 1(CmeOT + CmeO‘L + Cp‘LmFO + cmeFO))

i HV r I P P
TP, D+ (pbﬁ;pc (3 4(cpT 24 eptt? 4 ept?t o op 2¢)

+§ §(CmeOF2 4 ch2mFO))

Pe 1/ 4F2 1F2 F2t F2)
pb+1/2pc( 1(ep™ %+ epr 2 4 ep™ T+ ept )

+1 1(CmeOF2 + ch2mF0))))7
st HV
(pI D+ (3 1 (acpﬁ + anu + (J«CpH + acp”)
_{_:1), 1(acme0T + acme0¢ + acpunpo + acmeFO))

i HV
—i—pH D+ (ﬁigpc(B 4(acpTF2 + acp¢F2 + ach2T + ach2¢)

+% l(acmeOFZ + acpl?mr0y)

__DPc T F'2 LEF2 Fot F2)
Py 1Pc (3 7(acp™? + acp™™* + acp” T + acp” )

_{_:1)) 1 (acme0F2 + achQmFO))))

(5.52)
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and

PM —

U~ eelo

5. Events represented by the probability 2

Vi,

+ oolo -

(p?f)j:] (3 1 (acpﬁ + anu + (J«CpH + acp”)

+ (acme O 4 acp™e O 4 acptme0 4 geptme0))

:|: HV
+pn b (B (31(acp™? + acpH? + acp™! + acp"™)

pb+lij2pc (3 4 (acp™™ + acp*t? + acp™! + aCPFN)
+3 ; (iaczglmFOFQ + anF2mFO))))

—(fpy (Gilep™ +epH 4+ eptt + ep™)
+1 1(Cme0T + CmeOi + CpimFO + cmeFO))

iHV Dy

+pﬂ i (m(“( eptF2 4 cptt2 4 opt2t 4 chzi)

Pe 1F2 |F2 F21 F2l
pb+1/2,,c( 1(ep™? 4+ ep? 4 pPT o epth)

HE Ao 4 im0y,

(5.53)

.O|. have the following visibilities:

(Precje (37 (acp™ + acp™ + acp*’ + acp™)

+1 l(acmeOT + acmeO¢ + acpimFO + anTmFO))
+pH .o‘.( 5 4((1019TT + acp¥ + acp*t 4 acp™)
+2 7 }1 (acp™ O + acp™FO% 4 acptmr0 4 acpt™e0)
+12 4(acpTF2 + acp*t? + acp™? + ach%)))
pI oo\o( ( pTT + cplﬁL + cpiT + cpTi)

+ (CmeOT +CmeO‘L +Cp‘LmFO +cmeF0))
+p .o\.( 2 L(ep™ + cpH + cptl + cp™h)

(CmeOT + CmeOL + Cp\LmFO + CmeFO)
(ep™? + cpt™? + cp"?T 4 cpl™))),

(5.54)

A

HV —

qj77

wole = (pl .o‘.( (acpTT + acp¥ + acp*t + acp™)
+1 31 (acme O 4 acp™F O 4 aeptme0 4 geptme0))
P .o|.( 2+ (acp™ + acp™ + acp? + acp™)
+2 2 1 (acmeOT + acmem + ach”FO + acmeFO)
+5 4(0chle2 + acpH? 4 acpt®t + acpt)))
(pI wole (G5 (cp™ + cpH + cp + cpMt)
(CmeOT + CmeO\L + Cpimpo + CmeFO))
+pn wofe (3 (cp™ + cpH + cp*t + cp™t)
_i_li%(cmeOT + CmeO‘L + Cp‘LmFO + cmeFO)
PR ol 4 g o)),

(5.55)

+
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Vile = reoje(31(cp™ + cp™ + pT + op™)

+%%(CmeOT + CmeOi + cpimFO + cmeFO))

+PH .o\.(%i(cpTT + cpH + eptt + ep™h)

i 5 L(epmr O 4 epmrdl 4 eplmr0 4 ¢ptmr0)

+13 4(CPTF2 +epH? 4 ept?T + pfPh)))
(pl .o\.(g L(aep™ + acp™ + acp*! + acp™)

(acme ot 4 acmeOi + acpimFO + acmeFO))

pH \°( 2 (acp™ + acpt + acp*t + acp™)
(acp™ O + acp™r O 4 acptmr0 4 aept™r0)
(acp™™ + acp*™ + acp™" + acp™h)))

(5.56)

TT**

)
4
l
1

and
VEM = (ppeope(2h(acp™ + acph +acpt! + acp™h)

+%%(acme0T + acmeO\L _|_ acp\LmFO _|_ acmeFO))
D11 00fe (5 5 (acp™ + acp™ + acp*! + acp™)
—|—15—2%(acme0T + acp™FN + qeptmrEO 4 acp™rV)
+5 H(acp™? + acp*F? + acpt™! + acpt™)))
—(Preoje(35(cp™ + cp™ + cp + cp™)

_|_1 I(CmeOT + CmeO\L _|_ CpimFO _|_ cmeFO))
+pH oo|o( 12 4( pTT + cpu + CpiT + cpTi)

+3 7] Liepme0T o epmeOb 4 eplme0 o optmie0)
BT 4 @ 4 ep T 4 )

(5.57)

Events represented by the probability P have the following visibilities:

oolo

Vil see = (Prosie (02, 5 (acp!t +acp™) + (1 = O3, )3 (acp*’ + acp!))
P11 oo (Pa (acp™ " + acp™r Ot + acp 0 acp!™r0)
+pok(acptF? + acpF2 + acpP?t + acpt
+pe i(acpTF 2+ acpt? + acp®™t + acpt™))
+p11 o.|.(00.m|.2 (acp*t + acp™) + (1 — Oi.m|.) (acp*’ + acp™)))

—(PLoeie (02, o3 (cp*T +cp™) + (1= OZ, | )5(cp™T + ™))

+PH ocele (pa4 (CmeOT + CmeOl’ + acpi’mFO + acmeFO)

+pp 3 (cp™2 + acpt? + ep™t + cpt'H)

+peg(cp™? + 0p¢F 24 opf?t 4 opt™)

+p1T 001 (02, 15 (cpT 4+ cp™) + (1 - Oi.nﬂ.)%@p“ +ep™))),

(5.58)

oerry|e 2
V\I{{—‘foolo = (pI ooIo(Og. 2 (acpiT + anTi) (1 - Og. |o) (acpiT + acpTi))
+PII,0ele (pa4 (acmeOT + acmeOl’ + acpimFO + anTmFO)
+pp 4(acpTF 2+ acp*t? + acp™t + acpt™)
+pe 4(a6pTF R aczﬂF 2+ acp™ + acp™™))
+prrt o.|.(Oo. H‘. 3 (ochH +acp™) + (1 — O2 ‘.) (acp*T + acp™)))
—(p1,0.|.(0§.1|. (ep*t +ep™) + (1 - 03.1\.) (ep*T + cp™))
+pi100te (Pag (cp™F T + cp™F O + acpt™rV 4 qept™r0)
+pbi(0pTF 2+ acptt? + epf™ + cpf)
+ped (cptF2 + cpr +epf2t 4 pF2ly)
+pioele (02, o3 (cp*T +ep™) + (1 - Oz.m\.)%(cpw +ep™))),

(5.59)

oery] ‘.
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VEM o= (pross(O2, b (acp" + acp™)
1

+(1 - Og. |.)Z(acp¢T + acp™ + acp™™ + acp™t))
+PiLoele (Pat (acp™ T + acp™ O 4 acptmrO 4 aept™r0)
+pp 4(acpTF2 + acpF2 + acp™? 4 acpF2h)
+Pe 4(acpTF 24+ acpw 2+ acpt™" + acpt™))
+pr1, oolo 0‘1 1 acpiT + acpTi))
+(1— OO.IH|. (acp*T + acp™ 4 acp™ + acp*))
(pI oolo(Og.I‘. (CP“ + CpTi)
+(1- 03, |.) (ept + cp™ + ep!T + ep*))
+PILcele (pa4 (CmeOT + CmeOi + acpimFO + anTmFO)
—i-pb%(cpTF2 + acp? 4 epf?t 4 cpt')
+peg(cp™™? + 0p¢F2 + cp™ + cpt™))
+p111,oele (O3 o2 L(ep*t + cp™h)
+(1-02 (cp*! + cp™ + ep™ + cpH)))

oer11 |.)

(5.60)

oerr1

and
Vit e = (D100 (02, 5 (acp™ + acp!™)
+(1— qu\') (acp*T + acp™ + acp™ + acp™))
+p11,00le (Pa 3 (acp™ O + acp™FO + acpt™rO + acpt™r0)
+pb4(acpTF2 + acp'F? 4 acpF?t + acpF2)
+pet(acpt™? + acpw 2+ acp™ + acpt™™))
+pr ooIo(Oo. 1le 2 (acp” + anN’))
+(1— Oo.m|.) (acp*T + acp™ + acp!™ + acp™))
(pI oolo(Og.ﬂ. ( piT + CpTi)
+(1 - 03.1\.) (ep*! + ep™ + cp!™ + cpH))
P11 o0ts (Pa g (cp™ T + ep™ PO - acpt O + acptmr)
—i-pb%(cpTF2 + acptt? 4 cpt™?t 4 cpt™)
+peg(cp™? + 0p¢F 24 opl?t 4 pt™)

(5.61)

+pin o.|.(Oo,mJL $(ep* + ep™)
+(1 - 02, Ji(ep'T +ep™ 4+ ep™t + epH)).

The values for these visibilities are given in table 5.3.
The visibility of an atom-atom entanglement experiment can be calculated by weighting the visibili-

ties, shown in table 5.3, with the relative probability that the respective photon pairs cause a heralding
_Di,HV _D;t,HV _Di,HV _Di,HV _D;t,HV

coincidence. These probabilities are given by Peqo  » Pecle  » Posje s Pejfe » Peppor and
__pLHV
ch (see subsection 5.2.2), yielding the following equation:
_D:I: HV
Vi = Z Vier (5.62)

where ¢ € {e|e error,dc,e e |o,ec|e ce e}, bc {HV,RL}and bs € {¥", U~ }. The results are:
VY = 0.750 4 0.015,

VIV = 0.750 4 0.015,
VM = 0.712 + 0.006
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photon pair category V\ﬁvc V\I{{_‘fc V\Iﬂ]\i Vf_Mc
ole 0.779 0.779 0.780 0.779

error 0.779 0.779 0.001 0.001

de 0.010 0.010 | —0.010 | 0.010
ee o —0.124 | —0.124 | 0.124 | —0.124

oo e 0.017 0.017 | —0.017 | 0.017

cele 0.706 0.706 0.553 0.553

Table 5.3.: Expected atom-atom entanglement visibilities after a heralding signal caused by one of
the six categories of photon pairs (with ¢ € {e|e error,dc,e e |o,e o |8, 0 e |e}). The
visibilities are given for atom analysis in the H/V- (6%) and P/M- (6Y) basis, respectively,
and for both Bell-states which are detectable by the setup. The values are calculated with
respect to equations 5.38-5.61 and the values given in table 5.2. A minus sign in front of
the value for the visibility shows that a measurement would show correlations although
anti-correlations are expected and vise versa.

and

VEM — 0711 4 0.005.

The indicated errors respect only the statistical errors of the atom-photon entanglement and the two-
photon interference measurements. They do not respect any systematic errors. There are two main
sources for errors which are not considered in these calculations as their exact influence can not be
estimated.

The first error is caused by the birefringence of the glass cells, in which the atoms are captured.
The birefringence hardly influences H or V' polarized light but strongly influences P or M polarized
light. As the birefringence of each window of the glass cells can not be compensated individually,
the STIRAP laser system and the detection setup are compensated in a way that the phase shift in
an atom-photon entanglement measurement is minimized (see subsection 2.3.7). In an atom-atom
entanglement experiment the photon is always analyzed in the H/V-basis and only the atom might be
analyzed in the P/M-basis. In this case, only the birefringence of one window disturbs the experiment
- a situation which does not correspond to the situation the setup is compensated for. Therefore, the
visibilities for measurement in the P/M-basis should be lower than the ones given by these calculation.

The second error influences both measurement bases. The probability for erasing the atom from the
trap and the survival of the atom in the trap are given be atom-photon entanglement measurements.
But the measured probabilities do not only depend on these probabilities but also on the quality of
the detection setup, the compensation of it and all other errors reducing the entanglement visibilities.
These other errors also reduce the two-photon interference probability, and therefore are already taken
into account by the results of the two-photon measurements. The bottom line is that these errors are
taken into account twice. Thus, the calculated visibilities are only a lower bound. The actual atom-
atom entanglement visibilities should be higher.

In summary the visibilities in the actual experiment should be higher than the calculated ones for
analysis in the H/V-basis. For analysis in the P/M basis no final statement can be made as one error
reduces the visibilities and the other increases it. The relative influence of both errors can not be
estimated beforehand.
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5.3. Experimental Results

5.3. Experimental Results

Here, the experimental realization of an AAE experiment is presented and the experimental data are
analyzed in order to verify AAE and a violation of the CHSH-inequality while closing the detection
loophole.

5.3.1. Experimental Realization

The experimental realization of an AAE experiment combines a two-photon quantum interference
experiment with a subsequent analysis of the atomic spin states. Analogously to the description in
section 4.5, a single atom is loaded in each trap before the main experiments starts. Thereafter, the
single atoms in both traps are excited synchronously (see figure 2.9), until a two-photon coincidence
detection in a D+ or D— detector combination heralds a BSP (the photons are analyzed in the H/V-
basis). This instantly triggers the analysis of the atomic spin states (see section 2.4.2). The fluores-
cence detection at the end of the spin state analysis is performed alternately for both atoms. First, the
single photon detectors analyze light of trap2 for 30 ms before light of trap1 is detected for the same
amount of time.

5.3.2. Verification of Atom-Atom Entanglement

The correlations between both atomic spins were observed by keeping the measurement basis of trapl
fixed to o = 90° (for analysis in the o*-basis) or to v = 135° (for analysis in the o¥-basis), respec-
tively, while rotating the measurement basis of trap2 from 8 = 90° to 5 = 180° (when analyzing in
the o”-basis) or from S = 45° to 5 = 135° (for measurements in the o¥-basis), respectively in steps
of 22.5°. This measurements were performed for both Bell-state projection results. The correlation-
and anti-correlation probabilities (cp and acp) are calculated for each setting.

The results are shown for projection onto the photonic |W™),,-state in figure 5.2 a) and b), and onto
the |U),,-state in figure 5.2 ¢) and d), respectively. The AAE visibilities v (with s € {¥~, ¥}
) are obtained by fitting a sinusoidal function to each set of data points:

v = 0,788 +0.031
Vfl_%"’ — 0.728+0.032
v = 0.813 +0.030
Vi%(’) — 0.723 +0.034

The visibilities for the o*-basis are considerably higher as the ones for the o¥-basis as mentioned
before (see subsections 5.2.3 and 5.2.4). Here, atoms in a |¥ ™), state and a |¥),, state have the
same correlations. Therefore, a false projection onto the wrong Bell-sate doesn’t reduce the visibility.

The measured visibilities are higher than predicted in subsection 5.2.4 as expected because of the
systematic errors in the visibility calculations. The visibilities analyzed in theo”-basis are consid-
erably higher than predicted because the calculations are only perturbed by one of the errors. The
visibilities for analysis in the o¥-basis are hardly higher than predicted. It shows that the two system-
atic errors described in subsection 5.2.4, which perturb the calculations for the o¥-basis, compensate
each other almost exactly.

In order to calculate the AAE fidelity, measurements in all three bases (6%,6Y and 6* ) are required,
but only measurements in both linear bases were executed. Therefore, the unmeasured third basis (6%)
is estimated to have a visibility equal the lower visibility measured in the 6Y-basis. This yields a total
fidelity of Fiy— = 0.811 £ 0.028 and Fg+ = 0.815 £ 0.028, respectively.
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Figure 5.2.: Atom-atom correlations: a) and b) show correlations in the two linear measurement bases
after projection of the photons onto the | ™) pp, State and ¢) and d) show the correlations
in the same measurement bases after after projection of the photons onto the | ¥ ™) ph State.
cp is plotted as red, solid line and acp is plotted as blue, dashed line in all four graphics
[97].

These results clearly prove that heralded entanglement between the two atoms has been generated.

5.3.3. A Test of Bell’s Inequality

The data presented in figure 5.2 can also be used for a test of Bell’s inequality. The expectation values
(0%, 0P) = %(N%‘"ﬁ) + ij"ﬁ) - NT(j"B) - Ni(?’ﬂ)) are calculated, and the parameter S is evaluated
(see equation 5.1). In order to violate the inequality, the following four settings are chosen:

a=135°, B=67.5°

a=135°, B =112.5°
o =90°, B =112.5°
o/ =90°, A" =157.5°

The last setting 3" = 157.5° replaces the standard Bell stetting of 3 = 67.5° which has not been
measured for the corresponding angle of o/ = 90°. The expectation values of these settings have the
same value but a different algebraic sign ({070, 057°%) = — (99" o1575%)). Thus, the inequality has
to be adapted to:

S = <0’135O,0'67‘5O> _ <0’135O,0'112‘5O>

i ‘_<090°70157.5°> I <090°70112.5°> <9 (5.63)
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5.4. Summary

The experimental data yield a value of 5" = 2.19 4= 0.09, thereby clearly violating the classical limit
of 2. It is the first violation of a Bell inequality without relying on the fair sampling assumption for
particles at macroscopic distances. Furthermore, it is another strong proof for AAE generation.

5.4. Summary

In this chapter entanglement swapping was applied to observe entanglement between atoms sepa-
rated by 20 m. It was pointed out that the installed setup takes advantage from both the possibility to
distribute entanglement over long distances via photons and the high detection efficiency of massive
particles. In combination with the heralding signal provided by the entanglement swapping protocol,
this allows to close the detection loophole in an experiment at which both entangled atoms are sep-
arated by macroscopic distance for the first time. The actual realization of this AAE experiment is
equal to the one described in chapter 4 extended by the atomic state readout described in subsection
24.2.

Finally, the experimental results clearly proved the generation of AAE. The entanglement was esti-
mated to be Fy— = 0.811+£0.028 for atoms projected onto the |¥ ™) ,,-state and Fiy+ = 0.81540.028
for atoms projected onto the |WUT),,-state, respectively. Evaluation of a CHSH-inequality yielded a
value S" = 2.19 4 0.09 which clearly violates the classical limit of 5" = 2.
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6. Conclusion and Outlook

This work presented the successful generation and verification of heralded entanglement between two
widely separated atoms.

The experiments were performed with single 37 Rb atoms stored in strongly focused optical dipole
traps. Entanglement between the atomic spin and the polarization of a single photon was generated
via pulsed excitation of the trapped atoms and their subsequent optical decay in a A-scheme. This
atom-photon entanglement was verified in two independent setups installed at two locations separated
by 20 m, achieving visibilities up to Vg, = 0.897.

In a next step both setups have been combined by overlapping the photons emitted by each atom
at a beam splitter. Synchronized pulsed excitation of both atoms guaranteed that the emitted single
photons impinged at the beam splitter simultaneously. The observed quantum interference of the two
photons was analyzed in detail. This included analysis of the probability to emit two photons from
one atom within a single excitation. These spurious two-photon events show distinct polarization
correlations, which reduce the two-photon interference quality. Experimental tests show that the total
probability to emit a second, o= -polarized photon, in case a first, o= -polarized photon has already
been emitted in the same excitation attempt, is Pg,i = 0.0077 £ 0.0005 (only o*-polarized photons
can be detected by the detection optics). This value is determined within a model including the
dominating processes of two-photon emission. Further reasons for a reduced interference quality,
e.g., a non-perfect mode overlap of the two impinging photons or a non-perfect beam splitter were
analyzed yielding their exact influence on the interference quality. The overall interference quality
is given by the fraction of interfering photon pairs impinging on the beam splitter F;,;. Contrary to
a standard interference quality measure, this measure is independent of the basis of photon analysis.
The performed measurements show a value of P;,; = 0.922 4 0.008.

The achievement of both a high atom-photon entanglement visibility as well as a high two-photon
interference quality enabled the demonstration of atom-atom entanglement with this setup. The pro-
jection of the two photons, each entangled with one atom, onto a Bell-state is used to swap the en-
tanglement onto the atoms. Furthermore, the atoms are not projected onto an entangled state until the
two-photon coincidence detection reduces the four particle Hilbert-space. The coincidence detection
serves as an entanglement heralding signal, which allows to take every single atom-atom entangle-
ment event into account. The atom-atom entanglement experiment performed shows a fidelity of
Fy- = 0.811 £ 0.028 for photons projected into the [¥'™) ,-state and Fyy+ = 0.815 =+ 0.028 for
photons projected into the \\P+>ph-state, respectively. These results prove the successful generation
of atom-atom entanglement.

The recorded atom-atom entanglement data can also be used to perform a test of Bell’s inequality
without relying on a fair sampling assumption due to the heralded generation of entanglement and the
fact that a result for the atomic state analysis is given for every heralded event. It is the first time that
the detection loophole was closed for massive particles at macroscopic distances. The measurement
yields a value of S” = 2.19 4 0.09 which clearly violates the classical limit of S’ = 2 by more than
two standard deviations.

Future improvements on the setup will additionally allow to close also the locality loophole in a
Bell test. The loophole-free test of Bell’s inequality will answer the almost 80 year old question,
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Figure 6.1.: Time-space diagram for a loophole-free Bell-test: The diagram shows the position of
both atoms and the Bell-state detector. After the projection of the two photons onto a
Bell-state the classical heralding signal is distributed to both experiments and the atomic
state analysis is triggered. The total analysis of one experiment (including the choice of
the measurement basis) must be outside the light cone of the other system.

whether quantum mechanics can be considered complete. The improvements must enable a space-
like separated readout of the atomic states (see figure 6.1). This includes also the random choice
of the measurement basis. The current readout takes about 60 ms, which would require a distance
between both atoms of 1800 km, in order to execute both atomic state readouts outside each others
light cone. Therefore, a realistic experiment requires a readout scheme which is orders of magnitudes
faster. Oncoming experiments will use the ionization scheme described in subsection 2.4.2 combined
with a detection of the ionization fragments by channel electron multipliers. This scheme, together
with a fast quantum random number generator for choice of the measurement basis, allows analysis
of the atomic states in less than 1 us which reduces the required distance between the atoms to 300 m
[98, 86]. A new laboratory situated at a distance of 400 m from the first one is already prepared, and
a fiber link between both laboratories is installed.

The experimental setup can also be used for a demonstration of device-independent security of
quantum cryptography [19] over a distance of 400 m. The protocol works with pairs of entangled
particles, and it is secure against all possible collective attacks for entanglement visibilities Vg, >
0.858 in a loophole-free Bell measurement setup - independent of the nature of the entangled particles
and the protocol used for entanglement generation. For that purpose the atom-atom entanglement
visibility has to be increased considerably. First promising steps in that direction have already been
made. New data show atom-photon entanglement visibilities up to V,, = 0.93 which is a lot higher
than the visibilities presented in this thesis. By forcing the quality of all experimental steps to their
limits the required atom-atom entanglement visibility can be achieved.
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A. Physical Constants and Properties of " R0

102

‘ constant ‘ description value ‘
h = % reduced Plank constant 1.054571726 - 10734 J - s
c speed of light in vacuum 2.99792458 - 108 m/s

1o permeability of free space 1.25663770614 - 1076 N/a2
€ = 2%0 permittivity of free space 8.8541878176 - 10712 F/m
e elementary charge 1.602176565 - 10~ C
U atomic mass unit 1.660538921 - 10~%" Kg
ms7 gy, mass of 8" Rb 86.90918020 - u
I'p1 decay rate of 8TRb D1 transition 27 - 5.7500 MHz
T'po decay rate of 87 Rb D2 transition 27 - 6.0666 MHz
dp1 dipole matrix element of " Rb D1 transition 2.53766 - 10729 C - m
dps dipole matrix element of 8" Rb D2 transition 3.58424 - 10729 C - m

Table A.1.: Physical constants and properties of 87 Rb [99]



B. Level Scheme of " Rb D1 and D2 Line

F'=3
193.7 MHz
2 266.7 MHZ
5 Ps/z B Rz F'=0
229.0 MHz 156.9 MHz
F'=1
302.1 MHZ 72.2 MHz
780.241 nm
384.230 THz
F'=2
2 / 305.4 MHz
5 I:)1/2 R §14.5 MHz
509.1 MHz
F'=1
794.979 nm
377.107 THz
F=2
528 / 2.563 GHz
1/2 6.835 GHz
4.271 GHz
F=1

Figure B.1.: " Rb D1 and D2 transition hyperfine structure with all frequencies splittings. The rel-
ative hyperfine shifts are shown as schematic and are not exact within every fine state.
[99]
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C. Clebsch-Gordan Coefficients of
Important " Rb D2 Transitions

F/=3 e e e e— e —
F'=2
F'=1
F'=0

F=2
F=1
M. 3 -2 -1 0 +1 +2 +3

Figure C.1.: The figure shows all transitions, which are involved in single photon as well as in two-
photon emission events, with their respective Clebsch-Gordan coefficients. [99]

States of Two-Photons Originating from a Two-Photon Emission
Event Caused by Off-Resonant Excitation

Two-photon events caused by off-resonant excitation are discussed in subsection 3.4. After decay of
the atom into the states 5251/2, |F' =1, mp = 1) the atom is excited a second time to the states
5% Psj,.|F' = 1mp = +1). Thus, the total system is in the state:

1
V2

where |R); and |L); describe the polarization state of the first emitted photon and e.g. |1’,1) the
atomic state 52P3/2,\F’ = 1mp = +1). From there it may decay into a series of ground states as
shown in figure C.1 The decays at which a not detectable m-polarized photon is emitted are not con-
sidered. Therefore, the normalized state after the second photon emission is given by

(‘1/7 1>‘R>1 - ’1,7 _1>‘L>1)7
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VB0 LURNILY: + L1 [R)2) + 1/ 512.0) (RN L2 — [L)1[R):)

/B2 DL} + /B2, 2N R).

The two-photon density matrix is deduced by tracing over the atomic states:

p= WU o [ UY |+ 2| ERIE) (Ll + oo | BY B)a{ R (Rl
with 1 1
U) = —2|R>1|L>2 + [L)1|R)2) = —2|H>1|H>2 +[V)1V)2)
and 1 1
™) = E|R>1|L>2 —|L)1|R)2) = E|H>1|V>2 —|V)1|H)2).

|UT) and |¥~) are both entangled states which are obtained with the relative probabilities p, =
25/32 = 0.78125 (U") and p, = 1/32 = 0.03125 (VU ™), respectively. The partial mixed state

2 AENIE) (Ll + s | BY Bl Ry (Rl

is observed with a relative probability of p. = 6/32 = 0.1875.

Ratio of Emission of Detectable and not Detectable Photons

The detection optics installed in the experiment can’t detect m-polarized photons as they don’t couple
into the detection fiber. However, knowledge of the exact ratio of emitted detectable to emitted not
detectable photons is required to calculate the single photon and two-photon emission event frequen-
cies.

If the atom is excited only once by the excitation pulse it is in the state 5% P; /2,|F "=0mp=0). 1t
is also in this state if it is excited a second time caused by errors of the polarization of the excitation
pulse (see subsection 3.2.1) or by a previous decay into the initial state (see subsection 3.2.3). From
this state the atom can decay in all three Zeeman sub-states of the 5251/2, F = 1) ground state with
equal probability (see figure C.1) whereby it only emits a detectable photon if it decays to the states
528y, |[F =1, mp = £1). The ratio of not detectable to detectable photon is 1/2 in this case.

If the atom is excited to the states 52P3/2,|F "= 1mp = +1) by off-resonant excitation (see subsec-
tion 3.2.2), it can decay into all Zeeman sub-states of the two ground states 5251/2, F =1)and 5251/2,
|F' = 2). The relative probabilities of the different decay channels are defined by the Clebsch-Gordan
coefficients. In this case the ratio of not detectable to detectable photons is 7/8.
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D. Notation of Atomic States and Light
Polarization
The entangled atom-photon state is introduced in equations 2.1 and 2.2 for analysis in the 5*-basis. It

can also be expressed in the two orthogonal basis of the Pauli operators % and Y. Table D.1 shows
the light polarization and the atomic states in the three bases.

‘ symbol (pol.) ‘ composition qubit state ‘ atomic dark state
R o 14 |F =1, mp=-1)
L ot ). |F =1, mp =+1)
H L (ot +07) s L(F =1, mp=+1)+|F =1, mp = 1))
v oA 1) s S(F =1, mp=+1) - |[F =1, mp = —1))
P Tzt —ioT) 1)y Tz =1, mp = +1) —i|[F =1, mp = —1))
M —Le et 407 1)y e A (F =1, mp = 1) i |F =1, mp = —1))

Table D.1.: Definition of light polarizations and the corresponding atomic states. The atomic dark
states are the superposition of atomic states which are not excited by the corresponding

light field polarization.

The atomic qubit states have the following relations (according to the eigenstates of 6%,6Y and 67):

e = M.+ = —50h, - 1))
W = S0, -1 = F51,+1),)
1)y, =~ =) = —ﬁf”“(lﬁﬁﬂiﬁ)
‘\L>y = %(‘T>x+‘i>m) - %elﬂ/4(’/]\>z_i’\l’>z)
1. = ZM+7l) = —%eif/‘*(lﬂyﬂlwy)
. = =1l = —J5e (), —ill),)

With that information the entangled atom-photon states can be written in all three basis with respect

of table D.1: N .
T = F(IT>Z|R>+I¢>Z|L>)
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E. Comparison of Setups of Trap1 and Trap2

Due to installed enhancements in the setup of trap2, some characteristics of both setups differ. Partic-
ularly the objective, which focuses the dipole trap and collects spontaneously emitted photons has a
higher N/A, and the atomic readout out scheme has changed to an ionization based scheme. The main
differences of both setups are shown in table E.1.

‘ trapl trap2
control type master slave
distance to detection setup 0.5m 20m
fiber stabilization passive active
dipole trap waist (wg) 3.5 pm 1.9 um
trap depth kp-0,65mK kp - 1.5mK
atom temperature 105 uK 57 uK
atomic state readout scheme STIRAP + push out beam STIRAP + ionizaion
STIRAP beams focused by microscope objective aspheric lens
atom photon entanglement visibility ~ 0.87 ~ 0.90

Table E.1.: Key features of both traps which differ.
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F. Quantum jump model / optical Liouville
Equations

The experiment described in this thesis is based on atom-light interactions. A single 87 Rb atom is
excited by several laser fields shining onto it. In order to give any predictions on the atom-light
interactions a model is needed which describes these interactions. It is based on optical Liouville
equations and is expanded to describe the two-photon emission events discussed in chapter 3. In
addition, it allows calculation of the temporal mode overlap of photon wave packets with different
temporal amplitudes.

F.1. Louiville Equation

In this first section the Louiville equation of motion is derived from basic descriptions of a light field,
an atom and their interaction.

F.1.1. Quantum Mechanical Description of a Light Field

In a first approximation an electric field with a spatial dependence is considered which is appropri-
ate for a cavity resonator. This electromagnetic field can be quantized by identifying the canonical
momentum p; and the normal mode amplitude g; of the classical electromagnetic field as operators
which follows the commutation relations [101]:

(G5, Djr] = ihdjr, (F.1)
45, 47) = [Pj, Dyl = 0 (F.2)

This enables a canonical transformation to a new set of operators @ and a:

et = ———(mjw;d; + ip;)
ateiot = L (o —ip) (E3)
a'e = T, (Mwids D),

where w; are the eigenfrequencies of the cavity and m; are constants. The commutation relations of
a; and &;r- are identical to those between ¢; and p;. The new operators are referred to as annihilation

operator a,; and creation operator &} and define the electric field operator:

A hw s . .
Ex(zt) = Z \/ m—‘j(&je*“ﬁ't + &}e“jt) sin(k;z) (F.4)
J

It describes an electric field which is linear polarized in z-direction and expands in the normal modes
of the cavity. ¢ is the free space permittivity, V' the volume of the cavity and k& = j7/L, whereby L is
the length of the cavity and j = 1,2, 3... .
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E 1. Louiville Equation

So far, these considerations describe only the electric field inside a finite one-dimensional cavity.
In order to expand these for description of a field in a unbounded free space, a large but finite cubic
cavity is considered. It finally leads to the following three-dimensional definition of the electric field
operator:

E(r,t) = ET(r,t) + E~(r,1), (F5)

where

n hw A —i(wpt—k
Ef(rt) = ik \/ acbercige )
. _ hw - i(wit—k
E (r,t) = Z)\7k 1/ 26()"6/ e)\ka;ke-ﬂ(wk r)

Here, k is the wave vector, € is a unit polarization vector and \ describes the two orthogonal polariza-
tion modes of the light. The constant /" describes the quantization volume.

(F.6)

F.1.2. Basic Atom-Light Interactions

The atom as well as the light field can be described individually by an Hamiltonian [101, 102]:

Ha=) hwili) (il (E.7)
1
Hp = hwp(a) gk + 5)- (E.8)
Ak

H, describes the light field, and is defined by the annihilation and creation operator a) i and d;k
, respectively introduced in the previous section. # 4 describes the the atomic structure. |i) are
the levels of the atoms with their respective energies fw;. This includes already the near-resonance
approximation which allows only to consider a finite number of levels. The Hamiltonian, which
describes the atom-light interaction, is given by the following equation:

~ A~

Har = d-E

L o . . o (F.9)
= X3k i Bipake' @ T (et ko) 4 gl etilent=kn)) ) (),

where the electric field E is defined by equation F.5 and the dipole operator d describes the coupling
strength between the light field and an atomic transition:

di; = (ild]3). (F.10)
This leads to the coupling coefficient
Wit
8ijrk = me,\kdzj- (F.11)
Thus, the total Hamiltonian is
H=Hs+Hr+HarL. (F.12)

A so called rotating wave approximation (RWA) allows to write the Hamiltonian as follows:

B 2A1,2 QLQ 0
H = — Q’iQ 0 9273 (F.13)

\V)
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F. Quantum jump model / optical Liouville Equations

In this notation ;; = ¢ (i|d|j) describes the on-resonance Rabi frequency where Ej is the maximum
amplitude of the electric field and A;; = (w; — w;) — wy, describes the detuning of the light field from

the atomic transition. The Rabi frequency is given by Qp,ij = |/, + A%,

This Hamiltonian does not consider spontaneous decay of the excited state of the atom but only
describes a coherent evolution. Therefore, a relaxation matrix I" has to be introduced which describes
the spontaneous decay. It is defined by the following expression:

Yam = (n|L'|m). (F.14)

F.1.3. Equation of Motion (Liouville Equation)

This section introduces the equation of motion with respect to the density matrix. The density matrix
is defined by

p=> PylU)Y], (F.15)
\'

where Py is the time independent probability that the system is in the state | ). The basic equation
of motion is given by the Schrodinger equation:

W) = %Hym. (F.16)

The time derivative of p is

p=> Pu(|U)(¥|+|)(I]) (F.17)
1

with respect to equation F.15. The equation of motion for the density matrix is derived from this
equation by using equation F.16 to replace |¥) and (V|:

—
p= M.l (F.18)

This equation is also called the Liousville equation describing the coherent evolution of the system.
The spontaneous decay is considered by addition of a second term which leads to the following equa-
tion:

i

. 1
p=3[H.pl+ 5L, p}, (F.19)

where {I", p} =T'p+ pI.

F.2. Definition of Excitation Pulse and Time Dependent Rabi
Frequency
Here, the time-depended Rabi frequency is derived from the laser pulse which excites the atom. It is

included in the Hamiltonian given by equation F.13, and therefore necessary for any further examina-
tions of the atom light interactions.
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E 3. Simulation of a Standard Atom Excitation Process

F.2.1. The Excitation Pulse

In all experiments discussed in this thesis the single atom is excited by an optical pulse. In order
to simulate the interaction of the atom with such a pulse a mathematical description of the pulse is
needed. The optical pulse has an almost Gaussian shape due to the time response of the employed
acousto-optic-modulator (AOM) which switches the light on and off. Therefore, the following func-
tion is fitted to the measured data: .

fep(t) = ae™2C7)°, (F.20)

where a, t; and T" are defined by the fitting routine. A plot of the optical pulse and the model defined
by equation F.20 is presented in figure 3.1 a).

The further model of the excitation pulse uses only the constant 7" determined by the fit. It is related
to the full width half maximum (FWHM) by 2v/21n 27". The other two constants a and ¢;, describing
the amplitude and the timing of the recorded excitation pulse, respectively, are of no further relevance.

The temporal intensity of the light field at the position of the atom is given by

t—t0)2

ti(t) = int - e2CT)?, (E21)

where t( defines the delay of the excitation pulse to an experimental trigger and int defines the maxi-
mal intensity of the pulse:
2-lp

2 )
weT

(F.22)

nt =
where [p is the peak laser power and wy is the waist of the excitation beam.

F.2.2. The On-Resonance Rabi Frequency

The on-resonance Rabi frequency depends on the electric field and the atomic dipole moment of the
respective transition as defined in the previous section:

2ti(t
Ot) = cs - | 20, (F.23)
C- €
In this thesis only transitions of the D2-line of 87 Rb are considered. Thus, cs is defined by
dro -
= D2 e (F.24)

where dps is the respective dipole matrix element and cgc is the Clebsch-Gordan coefficient of the
respective transition.

F.3. Simulation of a Standard Atom Excitation Process

The standard atom excitation process can be reduced to a process involving only three atomic states
(see figure F.1 a)). At the beginning the atom is in the first ground state p;1(0) = 1 which represents
the state 5251/2,|F =1, mp = 0). The light field resonantly couples the state to the excited state
(p22(t)) which represents the state 52Py,,|[F’ = 1, mp = 0). The excited state may decay in the
already introduced ground state or into a second ground state (p33(t)) which represents the two states
5251/2, F =1, mp = +1). This ground state is not coupled to the excited state by the laser field.
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F. Quantum jump model / optical Liouville Equations

a) 0y b) o,
p11 p33 p11 p33

Figure F.1.: Scheme of the coupling between the three levels in the model. a) shows the case at which
a decay into the initial state and a possible second excitation are allowed. b) shows the
case at which the atom can only decay into a state which does not couple to the excited
state. Here, maximal one photon can be emitted.

The evolution of this process is determined with respect of equation F.19 where p33(t) describes the
present population of the sates 525, /2> |F' =1, mp = +1) for any time ¢. The temporal derivation of
p33(t) gives the time dependent probability to emit a photon which may couple into the detection fiber
(by decay into the state 52P3/2,|F "=1, mp = 0) the atom would emit a 7-polarized photon which is
not detectable by the detection optics):

_ dp33(t)

Pa3(t) = == (F.25)

The total number of these photons emitted in a time window [ts;qr¢, Leng] is given by

tend
Nph, = / dt pys(t). (F.26)

tstart

This allows the calculation of the relative probability to emit a photon at a certain time ¢ (with ¢,y >
t> tstart):

Prem(t) = . (E.27)

It can be interpreted as the temporal distribution of detection probability for the single photon wave
packet under the condition that the amplitude of the wave packed outside the time window is negligible
and that the total number of scattered photons is smaller than one. The total number of scattered
photons per atom excitation attempt is given by

tend
Niotal = / dt paa(t). (F.28)

tstart

This also includes events at which 7-polarized photons are emitted. All results still depend on the
power of the excitation pulse Ip.
F.3.1. Determination of Laser Power and Timing of the Excitation Pulse

The relative probability to emit a photon in a certain time window [tsart, teng] 1S given by equation
F.27 for every time ¢ inside the time window. A histogram of the photon detection times which
is normalized analogously to equation 4.91 also shows the relative probability to emit a photon in
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E4. Two-Photon Emission (Quantum Jump Model)

a certain time window for every time ¢ (see figure 4.10 b)). Thus, a normalized histogram is the
measured equivalent to p,e, (t). The temporal shape of p,.¢,, can be fitted to the shape of the histogram
just by varying the parameters ¢y and [p as presented in figure 3.1 b) It determines the parameters
to = 501.9 £ 0.05ns and Ip = 14, 58 £ 0.09 uW for the certain measurement, which are regarded as
a given in all further calculations. The total number of scattered photons per atom excitation attempt
(which are not 7-polarized) is n,, = 0.685 with respect to the determined values of g and Ip.

F.3.2. Single-Photon Emission

The precious calculations already include one type of two-photon emission events as decay into the
initial state and a subsequent second excitation is allowed (see subsection 3.2.3). Thus, the overall
number of scattered photons 7., might be larger than one. In the subsequent considerations of two-
photon events it is assumed that the atom decayed only once before it is excited a second time via a
certain transition. Therefore, it is necessary to model a single-photon emission. This model is almost
equivalent to the already introduce one but here, the atom may only decay into ps3(t) (see figure
F.1 b)). Thus, it can’t be excited a second time after the first decay. The total number of detectable
photons scattered this way is
tend

2
nlstzg / dtplst(t) (F.29)

tstart

where pi4(t) is temporal derivation of ps3(¢) in the current solution of equation F.19. The fac-
tor 2/3 respects the branching ratio for decay into the states 5251/2, |F'=1, mp = +1) and 52P3/2,
|F" =1, mp = 0). The total number of single detectable photons is ny5 = 0.65 with respect to the
determined values of ¢ and [p. The relative probability to emit a photon at a given time ¢ in a certain
time window is given by

Pist (t)

j;gm‘i dtplst )

start

|Qsingle(t)]> = (E.30)

and can be interpreted as expectation value of the temporal amplitude of the single photon wave
function under the assumption that an analytic continuation of \/|singic(t)| exists. It’s temporal
shape slightly differs from the one defined by p,.,,, as shown in figure F.2.

F.4. Two-Photon Emission (Quantum Jump Model)

If the atom spontaneously emits a photon while the excitation pulse is still present, the possibil-
ity arises to excite the atom a second time and a the two emitted photons form a two photon state
[ dtidtac(ty,t2)[t1)|t2), where «;(t1,t2) temporal amplitude of this state (with ¢ € {I, II, IIT}).
Section 3.2 discusses three different types of two-photon emission events. In order to simulate these
different processes, a model is needed which considers that the atom is excited a second time by only
the rest of the excitation pulse and only a fraction of the full intensity of the pulse (see subsection
3.2.1). Also the transition strength of the second excitation might be different as the atom may be
excited to a different state (see subsection 3.2.2). Therefore, a piecewise function is introduced which
is zero until the emission time of the first photon ¢; and is equal to equation F.21 thereafter:

0 <t
tiond;(t1, o) = { it : N tl : (E31)
] 2 s 02 Z U1
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F. Quantum jump model / optical Liouville Equations
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Figure F.2.: upper figure: Temporal distribution of detection probability for the single photon wave
packet |asingle(t)|2 (red) and the temporal distribution of detection probability p;ep, ()
which also includes two-photon emission events at which the first photon is w-polarized
(blue, see section 3.2.3). The offset of the starting time of 450 ns is defined by an external
trigger and has no further relevance. lower figure: difference of both graphs plotted in the

upper figure: ]asmgle(t)]Q — DPrem(t).

where a; € [0..1] allows to adjust the optical power of the residual pulse for every type of two-photon
emission event.

The solution of the Liousville equation now depends on two parameters (¢; and ¢2), and respects
the new Rabi-frequencies €2;(¢1, t2) which also include different coupling strengths for the three types
of two-photon emission. Analogous to previous explanations, the temporal derivation of p233 ;(t1, t2)
gives the time dependent probability to emit a second photon at time to, if a first photon has been
emitted at time ¢1, for every type of two-photon emission, if the atom can only decay once (see figure
F.1b)):

dp233:(t1, t2)

P23 (L1, t2) = T d (F.32)

In oder to calculate the total probability to emit a first photon at time ¢; and second one at time ¢5, all
emission times 1 have to be weighted by their respective probability:

Pipe,i(t,t2) = Aond,i - Avsti - Prse(t1) - p233 (L1, t2), (F.33)

where Ag,,q ; is the ratio of o*-polarized to all emitted photons of the second decay of the atom for
a given type of two-photon emission, and A ; is the ratio first photon emissions, after what a second
excitation is possible for a given type of two-photon emission, to all first photon emissions. Thus, the
number of emission of a second photons is given by

tend tend
Nond,i = / dty / dto ppe,i(ti, t2). (F.34)

tstart tstart
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E5. Two-Photon Emission Probabilities

It allows to calculate the expectation value of the probability amplitude of the generated two-photon
state fdthai(tl,t2)|t1>|t2>:

2 _ Dipe.i(ti, t2)
Nond,i

‘Oéi(tl,tg)’ (F.35)

F.5. Two-Photon Emission Probabilities

There are three major types of two-photon emission events as discussed in section 3.2. Their individual
probabilities depend in the laser power ti2nd;(t1,t2), which is present for the second excitation and
the rations Ay ; and Agy,q,; with i € {I, I, III}.

A measure for the relative probability of a certain two photon process is given by the ratio of the
probabilities for such an event to a single photon emission event:

_
Pip—i = —2=*. (F.36)
Nist

This can be interpreted as the probability to emit a second, detectable photon, if a first, detectable
photon has already been emitted.

F.6. Mode Overlap Calculations

The mode overlap of two photon wave packets significantly influences the interference probability of
the two photons as discussed in chapter 4. Its expectation value can be determined by | j;ft:tztrit dt oy (t)-
as(t)]?, where a;;(t) is a complex function which describes the temporal amplitude of the single pho-
ton wave packet. Above calculations can’t determine this complex function, but only its expectation
value |ov;(¢)|* which corresponds to the relative probability to emit a photon at a certain time ¢. Nev-
ertheless the expectation value of the mode overlap can be calculated for two single photons by the

following equation

tend

02 = ( / dt \/\/|a5ingle,1(t)|2 : \/|asingle,2(t)|2)2 (F37)

tstart

under the assumption that |sjngie,; (1) |2 are the expectation values of the temporal amplitudes of two
single photon wave functions calculated by equation F.30 and both single photons have the same
center wavelength.

The calculation of the expectation value of the mode overlap of a single photon and a photon which
originates from a two-photon emission process is more complex as the emission probability of the
second photon pye i(t1,t2) (with @ € {I, II, III}) depends on both the emission time of the first
photon ¢; and the emission time of the second photon ¢5. The mode overlap calculations for the two
cases which may occur are presented in the following subsections.

Overlap of a Single Photon and the First Photon of a Two-photon Emission
Process (e o |o)

The expectation value of the mode overlap of a single photon and the first photon of a two-photon
emission process highly depends on the emission time ¢, of the second photon of a two-photon emis-
sion process (see section 4.4). The projection of the two-photon state [ dt1dta ov;(t1,t2)|t1)|t2) (with
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F. Quantum jump model / optical Liouville Equations

i € {I, II}) on a certain emission time ¢ of the second photon yields the (pure) state [ dt;5;(t1|t2)[t1)
for the first photon with

| (t, t2)
f dtl |Oéi(7f1, t2)|27
where |a;(t1,t)|? is defined by expression F.35. Thus, for every time ¢5 the expectation value of

the mode overlap of a single photon and the first photon of a two-photon emission process can be
calculated by

Bi(ti|t2) = (F.38)

tend 2
O.o |.(t2) / dtlﬂi(tl‘tQ) : ‘asingle(tl)‘Q . (F39)
start
The overall mode overlap is determined by
tend
Ooo \o - / dt? bty (t2) : Ooo ‘o(t2) (F40)
tstart
where py, i(t2) = [ dty |a( tl,t2)| serves as a weight for O.o |.(t2). It describes the relative

probability of a second photon emission at time 5.

Overlap of a Single Photon and the Second Photon of a Two-Photon Emission
Process (o e |e)

In analogy to the previous subsection the expectation value of the mode overlap of a single photon and
the second photon of a two-photon emission process highly depends on the emission time ¢; of the
first photon of the two-photon emission process as described in subsection 4.4. The emission time ¢;
of the first photon determines the residual time of excitation pulse which might excite the atom again.
Thus, the normalized solutions of F.35 for a fixed emission time ¢; of the first photon corresponds to
the temporal amplitude (3;(t2[t1) (with ¢ € {I, II, III}) of the (pure) state | dt2f;(t2]t1)|t2) for the
second photon with:

2
Bi(ta|t1) = o, ) 5
f dtl ’Oéi(tl, tg)‘
The expectation value of the mode overlap of a single photon and a second photon of a two-photon
emission event can be calculated for every emission time ¢; of the first photon for a given type of
two-photon emission events:

(F41)

tend
02,,.(t1) = /dt2ﬁz’(f2|t1)' |Qsingte(t2)]?] - (F.42)

start

The overall mode overlap is also determined by the same way as in the previous subsection:

tend
ce;le — / drty Pty (tl) : Ooo |o(t1) (F.43)

tstart

0?

where py, i(t1) = [ dts |a;(t1, t2)| serves as a wight for O?
probability of a first photon emission at time ¢;

(t1) describing the relative

ce;|e
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