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Abstract

One possible physical implementation of a quantum network consists of single trapped
ions which serve as quantum processors and single photons for the transmission of quan-
tum information between the processors.

Toward this, the present work contains fundamental studies on the interaction of sin-
gle photons with single trapped ions. For this purpose the controlled emission of single
Raman-scattered photons from a single **Ca™ ion is explored for two different emission
wavelengths.

The generated photons from one ion are used to perform photonic interaction measure-
ments between two single ions in two distant traps. For continuous emission of photons
from the sender ion, absorption events at the receiver ion are detected with a quantum-
jump technique. Moreover, the interaction is demonstrated in triggered photon-generation
mode by coincidental events in a correlation measurement.

Finally, the thesis presents experiments which investigate the coherence character of
the Raman process. In two level configurations, A and V, it is shown that the quantum-
mechanical phase is reflected as quantum beats in the wave packet of the generated Ra-
man photons. The experimental data and the theoretical description reveal two different
origins of the quantum beats, namely, the quantum interference in either the absorption or
the emission process.
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Zusammenfassung

Eine mogliche physikalische Implementierung eines Quantennetzwerks besteht aus ein-
zelnen Ionen, die als Quantenprozessoren dienen, und einzelnen Photonen fiir die Uber-
tragung von Quanteninformation zwischen den Prozessoren.

Die vorliegende Arbeit beinhaltet dahingehende, grundlegende Untersuchungen zur
Wechselwirkung von einzelnen Photonen mit einzelnen gefangen Ionen. Dazu wird zu-
nédchst die kontrollierte Emission einzeln gestreuter Raman-Photonen fiir zwei verschiede-
ne Emissionswellenldngen aus einem “°Ca™ Ion untersucht.

Die erzeugten Photonen aus einem Ion werden genutzt, um die photonische Wechselwir-
kung zwischen zwei einzelnen Ionen in zwei getrennten Fallen durchzufiihren. In kontinu-
ierlicher Photonenemission am Sender-lon werden Absorptionsereignisse am Empfanger-
Ion mit einem Nachweis von Quantenspriingen detektiert. Dartiber hinaus zeigt sich die
Wechselwirkung in sequenzieller Photonenerzeugung durch koinzidente Ereignisse in ei-
ner Korrelationsmessung.

Abschliefiend werden in der Arbeit Experimente préasentiert, die den Kohédrenzcharakter
des Ramanprozesses untersuchen. In zwei verschiedenen Niveaustruktur-Anordnungen,
A und V, wird gezeigt, dass die quantenmechanische Phase sich als Quantenschwebung im
Wellenpaket der Ramanphotonen wiederfindet. Die experimentellen Daten und die theo-
retische Beschreibung lassen die verschiedenen Urspriinge der Quantenschwebungen er-
kennen, ndmlich, die Quanteninterferenz im Absorptions- oder Emissionsprozess.

iv



Contents

Introduction

1. Experimental setup
1.1. Double-trap apparatus . . . . .. ... ... ... . ... L
1.1.1. Trappingtheory . . .. .. ... .. ... ... .. ... .. .. .. ...
1.1.2. Paultraps . ... ... ... ... .. ...
1.1.3. Experimentaltools . . ... ... ... ... ... .. ..... .. ...
1.2, Lasersystem . . ... ... ... .. ... ... ...
1.2.1. LasersourCes . . . . . . . v v i i i i e e e e e
1.2.2. Frequency-lockingscheme . . ... ... ... ... ..........

2. Light-matter interaction
21, The®Caion . . ... ... . . .
22. Dopplercooling . . . . ... ... ...
2.3. Three-level system interacting with coherentlight . . . . .. ... ... ...
2.4. Optical Blochequations . . .. ... .. ... ..................
2.5. Spontaneously Raman-scattered photons . . . .. ... ........ .. ..
2.5.1. Atomic rate equations for the three-level system . . . . ... ... ..
2.5.2. Rate of single 393 nm Raman-scattered photons . . . . ... ... ..
2.6. Absorption and emission probabilities of dipole transitions . . . . . . .. ..
2.6.1. Polarization and angular dependence for emission process . . . . . .
2.6.2. Polarization and angular dependence for absorption process . . . . .
2.6.3. Clebsch-Gordan coefficients . . . . . . ... ... .. ..........

3. Controlled generation of single photons at 393 nm and 854 nm
3.1. Single 393 nm photons as heralds for quantum memories . . . . . .. .. ..
3.1.1. Experimentalsetup . . . ... ... ... .. .. ... . ... ...
3.1.2. 393 nm photons in a mixed quantum state . . . ... ... ... ...
3.1.3. 393 nm photons in a pure quantum state . . . . . ... ... ... ..
3.1.4. Frequency spectrum of 393 nm photons . . . . ... ... .......
3.2. Single 854 nm photons for quantumnetworks . . . .. .. ... 0L
3.2.1. Experimental sequence . ... ............ . ....... ..
3.2.2. Three-photon resonance excitation . . . . ... ... .. ... .....
3.2.3. Single-photon arrival-time distributions . . . . . . ... ... ... ..

O NN

10
13
13
16

19
19
20
23
25
26
27
31
32
35
37
37

41
42
42
44
48
54
57
57
58
64



4.

vi

3.2.4. Frequency spectrum of 854 nm photons . . . . . ... ... ... ...

Photonic interactions between distant single ions

4.1. Free-space interaction at 393 nm wavelength . . . ... ... ... .. .. ..
4.1.1. Experimentalsetup ... ... ... .. ... . ... ... . ... . ...
4.1.2. Heralding absorption events: The quantum-jump scheme . ... ..
4.1.3. Continuous-wave (cw) photon transmission . . . .. ... ... ...
41.4. Absorptionprobability . . . ... ... ... .o 0 0000

4.2. Single-mode interaction at 854 nm wavelength . . . .. ... ... ... ...
42.1. Continuous generation of 854 nm photons . . . . .. ... ... ...
4.2.2. Comparison to absorption of 854 nm laser photons . . . . . ... ..
42.3. Triggered single-photon transmission . . . ... ... ... ......

4.3. Comparison between absorption probabilities . . . ... .. ... .. ... ..
4.3.1. Discussion of absorption probabilities . . . . ... ... ... ... ..
4.3.2. Uncertainties in 854 nm absorption probability . . . . ... ... ...

Experimental tools for atomic state preparation

5.1. Experimental setupandsequence . . . . ... ... ... ... ... ... ...
5.2. Carrier spectroscopy and pulse-lengthscan . . . . ... ... ... ......
53. Spectroscopyat854nm . . . . ... ... oL o

Quantum interference for quantum networking experiments

6.1. Experimental setupandsequence. . . . .. .. ... .. ... .........

6.2. Theoretical analysis . . . . . .. .. ... .. ... ... .. .. .. ...
6.2.1. Quantum interference in absorption: the A system . . ... ... ..
6.2.2. Quantum interference in emission: the Vsystem . . . . . .. ... ..

6.3. Quantum beats in arrival-time distributions . . . . . . ... .. ... ... ..

6.4. Phase-dependent photon-scattering probability . . . . . .. ... .. ... ..

6.5. Interference mechanism . . ... .. ... ... ... . ... ... . ... ...

Related work: experiments with a femtosecond frequency comb
71. Theory . . . . . .. . . e
72, 8etup ...

7.2.1. Photoniccrystalfiber . . . . .. ... .. ... o o oo
72.2. Beatdetectionunit . .. ... ... ... ... ...
7.3. Phase-lockingscheme . .. ... ..... ... ... .. ... .. ....
7.3.1. Repetition-ratelock . . . . ... ... ... ... . o 0oL
7.3.2. Lock of 794 nm and 866 nm laser tothecomb . . . . .. ... ... ..
7.4. 393 nm photon generation with frequency-comb light . . . .. ... ... ..

71
72
73
74
76
79
80
81
84
86
89
93
94

97
97
103
104

107
108
109
111
113
115
120
122



8. Conclusions 145
8.1. Continued work: experimental protocol for photon-to-atom quantum state

transfer . . . . ... 145

82. Summary . . . ... 149
83. Outlook . . . .. ... .. 151

A. Appendix 153
A.l. Coordinate transformation . . . . . ... ... ... ... .o .. 153
A2. Bayes'theorem . .. ... ... .. ... ... .. ... 155
A.3. Ensuring equal 854 nm repumpingrates . . . . ... ... ... 157
A4. Collection efficiency of the HALO . . ... ................... 159
Journal publications 161
Bibliography 163

vii






Introduction

One of the important inventions of the 20th century was the one of the computer. In his
1936 paper [1], Alan Turing introduced a description for a machine, known as the Turing
machine which can be seen as a prototype for a programmable computer. Nowadays, com-
puters have become an integral part of everyday life, particularly through the evolution of
the internet, which accelerated the global exchange of information.

Based on the historical development of the computer, the trend was to increase the com-
puting power. Upon this trend, Gordon Moore formulated his law in 1965 [2] that the
complexity of integrated circuits doubles for constant cost about every year. Besides, the
simultaneous miniaturization of the components used for computation has evolved in the
last decades. Both developments led to a reduction of the number of atoms that are needed
to realize or store a bit of information with the consequence that today’s industry of infor-
mation technology starts to enter a new regime where quantum effects play a more and
more pronounced role [3].

With this trend, it began the inclusion of a new type of physics for computation and in-
formation processing, namely quantum mechanics. With the latter, it turns out that quantum
computers offer an essential speed advantage for certain mathematical problems over clas-
sical computers through their efficient computation. Efficient means that the computation
needs time that increases polynomial with the size of the problem instead of computation
with superpolynomial (typically exponential) time consumption [4].

One of the first to address the idea of a quantum computer was Richard Feynman [5, 6]
around 1980. He suggested that a computer can be built of quantum-mechanical elements,
which allows one to simulate quantum physics more easily with a universal quantum com-
puter (or quantum simulator) instead of a classical computer. In 1985, David Deutsch trans-
ferred the idea of Feynman to the first description of a universal quantum computer by
a general, fully quantum model for computation [7] which can efficiently simulate physi-
cal systems, in contrast to classical computers. One of the most prominent algorithms for
quantum computing was discovered in 1994 by Peter Shor. He discussed that the problem
of finding the prime factors of an integer can be solved efficiently on a quantum computer,
in contrast to the classical Turing machine [8]. Besides Shor, it was Lov Grover [9] who
further emphasized the performance of a quantum computer by another algorithm. He
tackled a search problem, i.e. finding an item in an unsorted database with a quantum
algorithm which turned out to be polynomially faster than any classical algorithm. Up
to now, more and more algorithms appeared, although it is still challenging to come up
with problems which are solved with higher efficiency by a quantum computer than by a
classical one.
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Quantum information processing

In classical computation and information processing, the elementary unit for calculation
is the binary digit (bit). In quantum computation and quantum information, it is replaced
by the quantum bit, also called the qubit. In contrast to the classical bit, which can be ei-
ther in state 0 or 1, the qubit is represented by a superposition of these two states. This
novelty builds the basis for quantum parallelism where a function is evaluated for two input
values simultaneously with one quantum circuit. Including quantum interference in the
computation, quantum parallelism allows for the evaluation of a function to be balanced
or constant in exponentially reduced time than a classical deterministic computer [7, 10].
Besides the single- and multi-qubit states, we have to emphasize entangled states. Their
measurement outcomes contribute to the core of quantum information processing which
cannot be explained classically.

In analogy to the classical computer, the quantum computer uses gates to process quan-
tum information. There is a finite set of quantum gates that are called universal, such that
an arbitrary quantum computation on any number of qubits can be generated [4]. Single
qubit gates (e.g. NOT gate, Hadamard gate, phase gate) are distinguished from multi-qubit
gates (e.g. AND, NOR, CNOT). Both can build universal sets of gates. One example is
given by the CNOT and single qubit gates which can compose any multi-qubit logic gate.

The experimental implementation of quantum information-processing units is nowa-
days widely spread to various fields. Naming only a few out of the various types of exper-
imental implementations, we can categorize them into quantum-optical systems like pho-
tons [11], single atoms [12], solid state systems (e.g. spin states of single-electron quantum
dots [13]), molecular systems using nuclear magnetic-resonance techniques [14] and super-
conducting qubits in circuit quantum electrodynamics [15]. The viability of these systems
to fulfill the requirements for the implementation of quantum computation is characterized
by the five criteria of David DiVincenzo [16]. The experimental realization needs

1. a physical system which is scalable with well-characterized qubits,

2. the initialization of the qubit state to a simple fiducial state,

3. long coherence times which are much longer than the gate operation time,
4. a universal set of quantum gates,

5. and a qubit-specific measurement capacity.

The physical system with which these criteria can be optimally met must therefore itself
be well studied and characterized. The early development of traps for charged particles in
the 1950s led to the well-studied system of trapped ions which represent the qubits. Thus
single ions confined in Paul traps offer one of the most promising experimental platform
for quantum information processing tasks due to their high degree of isolation from envi-
ronmental disturbances and the ability to investigate the properties of the ion with laser
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light. The starting signal for using single trapped ions to realize a quantum computer was
given by Cirac and Zoller [17]. In their seminal proposal, they indicate that quantum gates
can be realized by coupling ion strings through the collective quantized motion. Based
on the well-established technique of laser cooling the motion of a single ion [18], people
started to control the motional states in ion strings [19]. The control allowed to perform the
first gates, like the geometric phase gate [20], the CNOT gate [21] or the powerful Molmer-
Serensen gate [22]. The latter is used to generate genuine multiparticle entangled states
which has already been shown with 14 qubits [23]. Recent progress have been shown by
the use of trapped ions as a quantum information processor [24] for quantum simulations
[25] and for quantum error correction [26].

Besides the advantages of using linear Paul traps for confining ion strings, the scalability
to many ions remains a demanding task. Trapping many ions increases the complexity of
the motional mode spectrum which reduces the speed of gate operations [27]. To address
this problem, new the traps have been designed, e.g. microfabricated surface-electrode ion
traps [28] or ion traps in a semiconductor chip [29] to use them in a new architecture. It
interconnects processing and memory zones where the ion qubits are selectively shuttled
between these zones [30]. This type of system allows for scaling up the number of qubits.

Quantum networks

An alternative approach to ion shuttling lies in the implementation of a network of small-
scale quantum information-processing units. This aspect has also been taken into account
by DiVincenzo who added two more criteria to his five points necessary for computation
alone, which are

6. the ability to interconvert stationary and flying qubits,
7. the ability to faithfully transmit flying qubits between specified locations.

The stationary nodes in the quantum network are the quantum processors, where quan-
tum information is stored and manipulated [31]. The nodes are represented by single
trapped ions interconnected by quantum channels with flying qubits, provided by sin-
gle photons. The photons carry quantum information, e.g. in their polarization degree of
freedom, which is transmitted between the nodes enabling fast quantum communication.
One drawback for communication with noisy channels over long distances between dis-
tant nodes is the scaling of the error probability with the length of the channel [32]. For
transmission channels like optical fibers, the probability for absorption or depolarization
of the transmitted photons increases exponentially with the length of the fiber. To solve
this problem, Briegel et al. presented the model of a quantum repeater, which uses entan-
gled nodes over short distances to create entanglement of network nodes over arbitrarily
large distances [32]. Once the nodes are entangled, quantum information can be trans-
ferred between the nodes by quantum teleportation [33, 34, 35]. Thus a basic requirement
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for long-range quantum communication is the entanglement of nodes in the network. We
can categorize three different approaches to realize distant entanglement.

One approach is the direct quantum state transfer between spatially distant atoms in cavi-
ties [36]. The quantum state of the sender atom is entangled with the emitted photon which
is transmitted to the receiver atom where the quantum information is absorbed, resulting
in entanglement of the two nodes. For single %Rb atoms in distant cavities separated by
21 meters, the protocol has been impressively realized [37], although the scheme has still a
probabilistic nature. With respect to single trapped ions, the first realization of direct pho-
tonic interaction between two distant single ions is presented in this thesis and published
in [38].

A second approach is the creation of heralded entanglement of distant nodes based on the
emission process of photons from distant nodes. In contrast to the direct photonic interac-
tion, the entangled state of two single emitters is not generated by an effective interaction
between the two nodes, but by an interference effect and state-projective measurement
which heralds the entanglement. For interference and detection of a single photon from
two distant ions, the protocol of Cabrillo et al. [39] was experimentally shown with two
single 1%Ba™ ions confined in the same trap [40]. Using two-photon interference, a scheme
proposed by Simon et al. describes the entanglement of distant ions by the joint detection
of two photons [41]. For that the two photons ideally have to be Fourier-transform limited
and indistinguishable in all degrees of freedom [42]. The implementation has been per-
formed with two distant single Rb atoms trapped independently 20 meters apart [43],
with two distant single '71Yb™ ions separated by one meter distance [44] and with two NV
center spin qubits separated by three meters [45].

The third approach toward entangling distant nodes is pursued in our group and em-
ploys entanglement transfer from entangled photon pairs, as from a spontaneous parametric
down-conversion source (SPDC), to two single distant-trapped ions [46]. The successful
absorption event is heralded locally by the detection of a single Raman-scattered photon
which does not destroy or reveal the mapped photonic quantum state. The main advantage
against schemes without a heralding signal is that the herald leads to a high state-transfer
tidelity also for the case that the photon absorption probability is low.

The scheme based on heralded entanglement showed that quantum interference, as a
pure quantum optical phenomenon, is a pivotal element [47] in the field of quantum-
information theory [48]. For the two other schemes quantum interference becomes im-
portant for photonic information exchange at the atom-photon interface which is ideally
performed in a coherent way to faithfully transfer the quantum information.

Ion-photon interface

Besides the coherent conversion of quantum information from photons to ions and vice
versa, entangling different nodes requires a high efficiency to ideally reach deterministic
control. Thus it is imperative to improve the coupling between the ion and the photons at
the interface. Different strategies are used to improve the coupling, i.e. to increase the solid
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angle covered by the collection optics surrounding the ion for efficient photon absorption
and for high fiber-coupling efficiency of emitted photons. Strong coupling is achievable by
using a cavity around the atoms or ions [49, 50, 51] which enables in principle determin-
istic generation of entangled states. It competes with the use of high-numerical-aperture
objectives [52, 53, 54, 55] covering only a fraction of the solid angle. Current improvements
toward covering the full solid angle are achieved with a deep parabolic mirror reaching a
level of 81% of the solid angle [56]. Another strategy which circumvents the huge technical
effort for increasing the coupling strength with cavities but using objectives is the imple-
mentation of an entanglement scheme which intrinsically incorporates a heralding signal.
With the herald, deterministic post processing of quantum information becomes feasible,
even for low coupling efficiencies.

In order to successfully perform quantum-networking operations at the quantum in-
terface, it is a main prerequisite to control the absorption and emission of single photons
at the nodes. Controlled single-photon emission is realized in various systems [57] such
as cavity-assisted systems with single atoms [58, 59], trapped ions [60, 61] or solid state
systems [62]. Without a cavity, tailoring the properties of the emitted single photons was
shown with trapped ions [63] in our group. In order to treat the nodes as fully bidirec-
tional quantum interfaces, the absorption of single photons by a single atom has to be
controlled. We have demonstrated the heralded absorption of resonant single photons
from an entangled-photon source by a single ion [64, 65] for entanglement distribution in
a quantum network.

This thesis

The present work contains fundamental studies on the interaction of single photons with
single trapped ions. This concerns both the photonic interaction between two ions confined
in two distant traps and the ion-photon interface at a single ion.

For this purpose, we first present the controlled emission of single Raman-scattered pho-
tons from a single ¥’Ca™ ion which is confined in a linear Paul trap. For the 393 nm emis-
sion wavelength, we show that Fourier-limited photons are emitted in a pure quantum
state. In addition, the controlled emission of single photons at 854 nm is presented. At
both wavelengths, we are able to control the temporal shape of the photons by the inten-
sity of the exciting lasers.

In a further step, the generated photons from one ion are used to establish photonic
interaction between two single ions in two distant traps, separated by a distance of one
meter. For continuous emission of photons from the sender ion, we detect absorption
events at the receiver ion with a quantum-jump technique for both wavelengths, 393 nm
and 854 nm. Moreover, we demonstrate for 854 nm wavelength the interaction in triggered
photon-generation mode by coincidental events in a correlation measurement.

Besides we present experiments which investigate the coherence character of the Raman
process for the generation of 393 nm photons. In two level configurations, A and V, we
show that an oscillating atomic phase is reflected as quantum beats in the wave packet of
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the generated Raman photons. With the atomic and photonic control phase, we change the
phase of the quantum beat in order to highlight the two different origins of the quantum
beats for the two level configurations: In the A scheme, the quantum interference occurs in
the absorption process and causes suppression and enhancement of the emission process,
while in the V scheme, quantum interference in the emission process leads to a rotation
of the emission profile. The work shows an example how quantum optical phenomena
become tools in the context of quantum information technologies.

The last section treats related work with a femtosecond frequency comb. Experimental
techniques that were presented in the previous chapters are applied to show the generation
of 393 nm photons with pulses at 854 nm from the frequency comb. Thereto we show the
phase lock of the comb repetition rate to the atomic clock. The lock is also necessary to
perform 866 nm spectroscopy with two diode lasers that are locked to the comb.



1. Experimental setup

The first chapter of this thesis is devoted to the description of the experimental setup with
which the measurements reported here were obtained. An unusual opportunity to get a
deep insight into technical aspects and contexts of the experimental setup was the move of
the complete apparatus from Barcelona to Saarbriicken at the end of the first year during
my Ph.D. time. The dismounting and the rebuilding of the whole experiment lasted about
one year.

The content of the following two sections describes the components that constitute the
essential elements in a laboratory where quantum optics experiments with single ions are
performed. It starts with a description of the linear Paul traps in a double-trap configura-
tion including the theory for single-ion trapping and the main experimental tools setting
the framework for scientific investigations. Then follows the description of the laser sys-
tems and their current frequency stabilization principle.

1.1. Double-trap apparatus

With his idea in the 1950s to use time-dependent electric quadrupole potentials as a ra-
diofrequency quadrupole mass filter [66], W. Paul paved the way for further technical de-
velopments of the mass filter. One important step was the extension of the filter to three
dimensions [67] by the implementation of static and time-dependent potentials to trap
charged particles [68] which is known nowadays as the Paul trap. Since then ion traps like
the Paul trap were widely used for many experiments in mass spectrometry and atomic
physics due to the possibility to trap and perform laser cooling with a single ion [69]. An
overview of the many applications of ion traps in physics is found in [70].

In the field of quantum information processing, linear Paul traps are the main workhorse
in most of the experiments with single ions [71, 24] due to the high degree of isolation of
trapped ions from the environment. They also allow investigations in quantum optics
[72] and they are utilized for precision measurements such as ion-trap-based frequency
standards [73, 74].

1.1.1. Trapping theory

In a linear Paul trap, the basic trapping principle for charged particles is based on a com-
bination of a time-varying potential together with a static potential. The need for the com-
bination originates from Earnshaw’s theorem, which states that it is impossible to obtain
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an confinement of a charge in all three dimensions only with a static potential. The linear
Paul traps we operate have two diagonally opposed pairs of electrodes (Fig.1.1(a) and (b)),
where one pair is connected to ground and the other pair is connected to a voltage Ugr
which oscillates with the radio-frequency (RF) Qrg. The static potential is generated by
two end tips which are connected to a DC voltage Ug;. The overall trapping potential is
thus described as

!
u
(x2 — yz) cos(Qgpt) + & “Er (Zz2 —x2 yz), (1.1)

U
® = Opp + Ppr = 7

2r3
with the distances r¢, ! from the trap center to the RF-electrodes and to the end tips, respec-
tively. The numerical factor a’ depends on the trap geometry and takes shielding effects
of the axial trapping potential into account. The equation of motion of a particle with
charge e is generally described by F = —e V®, and with the substitution of the following
parameters

1 B 4en’ UEt 2e uRF

Oy =0y = —z0; = ——————, (y= —(x = —5-—>, 4:=0, (1.2)
T2 meeg, Y om0
it is formulated by the Mathieu equation
W + (111' — ZquOS(QRFt)) T?’i =0. (13)

The parameters 2 and g are used to identify stable trapping regions by plotting a over g
in the Mathieu stability diagram. One stable solution is found in the limit |a|,4*> < 1 for
which we obtain the approximate solution of the Mathieu equation

ri(t) = ro, cos(w;t) (1 — %COS(QRFt)> , (1.4)

which describes the motion of the ion in the x-y plane as a secular motion superimposed by a
driven motion at Qrg, the micromotion. Further assumptions in the pseudopotential approx-
imation [70] lead to a neglection of the micromotion which allows the description of the
particle motion by a harmonic potential in the trap center with the two radial frequencies

Ogr | 7 Ogp 9y
Wy = T ﬂx+?x, CUy: T lly‘f—E. (15)

Along the end tip axis, which is the z-direction, the motion is independent from the radial
one and oscillates with the frequency

QRF ZeodllEt
However, the axial trapping frequency influences the radial frequency w;, by
> 15
wr = \wy — 5wz, (1.7)
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where the pure radial trap frequency is

wn — Oreg
2V2°

(1.8)

1.1.2. Paul traps

In Fig.1.1(a) and (b) the linear Paul trap is shown with two pairs of blades for radial con-
finement and two end-tip electrodes for axial trapping. The trap was designed in the group
of Prof. R. Blatt at the University of Innsbruck where also the parts of the two traps were
machined. To indicate the real size of the trap, the distance of 5mm between the end-tip
electrodes is shown. The distance from the trap axis to each of the blades is 0.8 mm. Further
extensive information about the traps, their setup and specifications is found in [27, 75].
The trap is surrounded by two High numerical Aperture Laser Objectives (HALOs) (see
Fig. 1.1(c)) which can be moved by xyz translation stages. The HALOs are described in
more detail in Sec. 1.1.3.

(a) (b) (0)

Figure 1.1.: (a) Picture of the linear Paul trap with four diagonally opposed blade elec-
trodes and two end tips separated by 5mm. (b) Drawing of the trap cross section. (c)
Picture of the trap between the two High numerical Aperture Laser Objectives (HALOs)
mounted on xyz translation stages which are suspended from above.

The photonic interaction experiments between two distant single ions described in this
thesis are realized with two Paul traps separated by one meter distance, which are shown
in Fig. 1.2. The picture shows the two vacuum vessels with the traps and HALOs inside.
Most of the experiments presented in this thesis are performed with the “bright trap”! on
the right-hand side in Fig. 1.2 since this trap allows a higher level of sophisticated laser
sequences. For the sake of clarity, a typical optical path of photons coming out of the

IThe names of both traps come from the different colors of the surrounding vacuum chambers after the first
bake-out procedure.



1. Experimental setup

bright trap and being send to the “"dark trap” is drawn in the picture as an orange beam.
Typical trapping parameters are presented for the bright trap, but they can be taken as
almost similar for the dark trap. In axial direction, we typically apply an end-tip voltage
of 400V, leading to an axial trapping frequency of w, = 27t - 1.197 MHz and to a shielding
parameter «’ = 0.183. The applied frequency for the radial trapping potential of Qrp =
27 - 26.133 MHz generates radial sidebands of w, = 27 - 3.647 MHz for a power of 8.8 W.
This allows one to calculate with Eq. (1.2) and (1.8) the trapping parameters as a, = 0.004,
qy = 0.405 and the applied voltage as Urr = 1449 V.

Figure 1.2.: Picture of the double-trap apparatus consisting of the dark trap on the left-
hand side which is separated by one meter distance from the bright trap on the right-hand
side for single-ion-single-photon interaction experiments. One example of an optical path
of the photons for interaction measurements between the two traps is drawn in orange.

1.1.3. Experimental tools
HALOs

In each of the two vacuum chambers in Fig. 1.2 there are two HALOs. Fig. 1.1(c) shows
their mounting on xyz translation stages® which allow one to position the HALOs for op-
timal centering with sub-micrometer precision and for optimal focusing a specific wave-
length. Designed to be diffraction limited over a wavelength range from 400 nm to 870 nm,

2 Attocube, ANPx100

10
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the focal spot size of diameter ranges from 1.2 pm (A = 397nm) to 2.6 pm (A = 866 nm).
Beside the focusing of laser light to the ion, the HALOs are used to efficiently collect pho-
tons emitted by the ion. A single HALO covers 4.18 % of solid angle with a numerical
aperture (NA) of 0.4. The addressing of individual ions necessary for future quantum log-
ical operations in a string becomes feasible since the diffraction limited spot size is smaller
than typical distances between two neighboring ions (~ 5 — 10 pm). The HALOs are fully
characterized in [27] and [54].

Photoionization

The loading of °Ca™ ions into the Paul trap requires the ionization of °Ca atoms emitted
from an oven. The ionization is realized in a two-photon resonance-enhanced photoioniza-
tion process, described in detail in [27]. We use a diode laser? at 846 nm which is frequency
doubled in a second harmonic generation process to 423 nm. The laser has an output power
of 120mW and a free running linewidth of < 1MHz. This light is needed to excite reso-
nantly the 4s? 'Sy — 4s4p !P; transition in a thermal beam of calcium atoms that traverses
the trap. In a second step the atom is excited from the !P; state to high-lying Rydberg
states from which it is ionized by the strong electric fields of the Paul trap. It requires light
at 390nm coming from LED?* with an emission spectrum centered around 380 nm and a
full-width at half maximum (FWHM) of 30 nm. Both beams are coupled into a multi-mode
fiber and are imaged to the trap center with a spot size of ~ 250 um. This efficient setup
allows us to ionize atoms and thus trap ions within a typical loading time of 3 to 7 minutes.

Magnetic field

Each trap is equipped with three independent pairs of coils to set a static magnetic field in
three orthogonal directions. Out of the three, there is one which is supplied by a current
up to 3 A, that defines the quantization axis at the ion position. Depending on the pair of
coils we reach with this current a magnetic-field strength of ~ 2.8 — 6 G. If the current is
applied to the pair of coils which creates the magnetic-field direction perpendicular to the
HALO axis and parallel to the optical table, it creates a magnetic field strength of ~ 2.8 G.
The other two coils serve for magnetic field compensation of offset fields like the earth
magnetic field and surrounding stray magnetic fields. The coils are directly connected to
current supplies® with an instability below 100 nA at 3 A over one measurement day of 8
hours. This means for a magnetic field of 2.8 G that the long term drift of the magnetic field
due to a current drift from the current supplies is expected to be below 0.1 mG.

3Top’cica, DL pro
4Nichia, NCCU001-LED
5TTI, QL355
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1. Experimental setup

Detection devices

The daily procedure for trapping a single ¥’Ca™ demands the monitoring of fluorescence
light from the ion on an EMCCD camera®. With an overall ion-image magnification of 20
we are able to resolve the individual positions of two or more ions on the CCD camera. In
this case that we trap more than one ion we switch off the RF drive of the trap for a short
time and start the trapping procedure again.

For single-photon detection we use two photomultiplier tubes (PMT)’ collecting photons
at 393nm and 397 nm with the HALOs via multi-mode fibers. The quantum efficiency of
the PMTs for these wavelengths is 28 %. The time resolution is determined by the electron
transit time spread, which is specified with 300 ps. The detection of single photons at
854 nm wavelength requires an avalanche photodiode (APD)8 since this wavelength lies
outside the spectral response of the PMTs. The APD has a very low dark count rate (< 10 §)
and a detection efficiency of 24(5) % determined with a calibrated light source at 854 nm
within our group [76].

Experimental control unit

The realization of experimental protocols in quantum information processing requires con-
trolled manipulation of internal states of the ion by applying sequences of laser pulses
with a high degree of reliability over many timescales. This includes the short-term sta-
bility (from ns to ps) between successive pulses within one sequence period. Since the
sequences are repeated many times the long-term stability should reach several hours of
total measurement time.

For this purpose, M. Almendros developed within his Ph.D. thesis our pulse sequencer,
called HYDRA [77]. The main processing unit is a digital signal processor (DSP) which is
connected via a backplane to digital input / output cards and RF generator cards. On each
RF generator card a field programmable gate array (FPGA) controls the interface between
the backplane and the direct digital synthesizers (DDS) and digital to analog converters
(DAC). Both are used to generate RF-pulses tailored in frequency, phase, amplitude and
length which are sent to acousto-optic modulators (AOM) for defined laser pulses. Addi-
tionally the DDS is used to stabilize the laser intensity via the AOM. The DSP has a clock
rate of 1 GHz which is synchronized to a reference rubidium clock’. This allows us to ex-
ecute phase-stable pulse sequences with a maximum frequency of 80 MHz which means
pulses with a minimum length of 12.5 ns. The interface between the user and HYDRA is
the HYDRAPC-software written in C++, which is installed on a PC connected with HY-
DRA. The two basic modes of operations are real time and sequence. In real time the user
is able to control any of the outputs or to read inputs, e.g. PMT counting signals read

6 Andor, DV887DCS-BV
"Hamamatsu, H7422P-40 SEL
8Laser Components, Count-10C-FC
9Stanford Research Systems, FS725
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1.2. Laser system

by General Purpose Counters. In sequence mode, any predefined sequence of pulses can
be launched into the DSP and thus be executed by HYDRA. Future experiments will in-
clude the next generation of the sequencer from the spin-off company'® by M. Almendros.
It allows for ultra-fast real-time parallel execution and processing up to 800 Mbps corre-
sponding to pulses as short as 1.25 ns. The input channels for single photon counting have
a time-stamping resolution of 320 ps. Faster timing resolutions are achieved with a time-
correlated single-photon counting system!!. It has a maximum time resolution of 4 ps and
is mainly used for correlation measurements presented in this work.

1.2. Laser system

A major advantage to use alkaline earth ions like Ca for quantum optics experiments is
the fact, that commercially available and reliable diode laser systems often can deliver
the optical frequencies that match the individual transition frequencies in the atomic level
scheme. The level scheme of “°Ca™ in Fig 1.3 has two short-lived excited states 4°P; /, and
42P5,, with natural decay rates [p,, = 2m-224MHz [78] and T'p,,, = 27 -22.99 MHz
[79], respectively. Beside the 4?S; /, ground state there are also two long-lived metastable
states 32D; /2 and 3?Ds /2 with natural decay rates I'p,,, = 27 -0.135Hz [80] and I'p;,, =
27 - 0.136 Hz [81]. The different decay rates over eight orders of magnitude between the
short and long-lived states impose different stability requirements to the laser frequencies
at the transition frequencies. They are separated into four optical dipole transitions at 397
nm, 850 nm, 854 nm and 866 nm and one optical quadrupole transition at 729 nm which
all are addressed by the lasers used in the experiment.

1.2.1. Laser sources

The following list gives an overview of the laser systems!? which are in use for ion excita-
tion in the experiment.

* 397nm
The fundamental laser light at 794nm of this system is generated with a grating-
stabilized diode laser which is frequency doubled in a second-harmonic generation
process to 397 nm. The free running linewidth (for a integration time of 5s) is spec-
ified to ~ 300kHz. The output power at 397 nm of 30 mW is distributed to the two
traps for Doppler cooling and fluorescence-based state detection. In the bright trap
it is also used for optical pumping (397 nm pump).

* 729nm
The 729 nm diode laser has up to 500 mW output power together with a free running

10Signadyne

1pjcoQuant, PicoHarp 300

12 All laser are from Toptica. The models are different depending on the wavelengths: 397 nm, 854 nm: TA /DL-
SHG pro; 850 nm, 866 nm: TA, DL pro; 729 nm: TA pro
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1. Experimental setup

397 nm

4281/2 —

Figure 1.3.: Level scheme of *°Ca™ including the transitions that are excited by laser radia-
tion in the experimental setup of this thesis.

linewidth of 150 kHz. Due to the small decay rate of the D5, state, the coherence time
of the laser should be long, corresponding to a narrow spectral linewidth, to address
the optical quadrupole transition for coherent manipulations. This is achieved by
a stabilization of the laser frequency to an ultra-stable high-finesse cavity made of
ultra-low expansion glass. The cavity has a linewidth of 4kHz, and together with
the Pound-Drever-Hall locking technique (see Sec. 1.2.2) and a high-speed control
amplifier'?, the linewidth of the laser can be reduced below 32 Hz. Many more details
about the laser setup and its characterization are found in [82].

e 850 nm
The laser for the excitation on the D3,, — P3,, transition is used in combination with
the 397 nm and 866 nm laser to transfer the population from S/, to P3/; in a three-
photon resonance and thus allows the generation of photons on the P35/, — D5/, tran-
sition at 854 nm wavelength.

* 854nm
The laser for the excitation from D5/, to P53/, serves for optical pumping (854nm
pump) and as master laser for the production of entangled-photon pairs at 854 nm in
a spontaneous parametric down-conversion process. The most important application
within this work is the use for generation of photons on the P3,, — Sy, transition at
393 nm wavelength.

* 866 nm
The laser serves for repumping the population from the D3/, state to the P, /, state

13Toptica, FALC 110
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1.2. Laser system

while Doppler cooling. It is also used for a three-photon excitation from the S, /, to
P53/, level and has a 30 mW output power with a free running linewidth of 150 kHz.

All laser beams are sent through AOMs to be controlled in frequency, phase and ampli-
tude by the pulse sequencer HYDRA. For monitoring the wavelength a small part of their
power is sent to a wavemeter'4. Using fiber couplers'® the light is guided in polarization
maintaining single-mode fibers to the double trap apparatus. There the light is first colli-
mated to a beam diameter (at e%) of 2.15 mm. For adressing the ion with different lasers we
use different windows of the vacuum chamber. Due to the different distances of the win-
dows to the position of the ion, plano-convex lenses with different focal lengths f focus
the light to the ion resulting in different focal spot-size diameters d (at }2). In Tab. 1.1 we
list the lasers that excite the dipole transitions and which are used in the experiments with
the different focusing. We give the maximum power values that are measured in front of
the windows resulting in the calculated intensities I. We see that we can tune the power to
values that result in much higher intensities compared to the saturation intensities 55+ of
the corresponding transitions from i to k. The saturation intensities for a two-level system
are calculated as

2rthe Ag_;
Isat = Tklz (19)

with the Einstein coefficient A;_;, representing the oscillator strength of the corresponding
transition (see Sec. 2.1) and the laser wavelength A.

Transition i — k Laser f (mm) d(um) P I (IC“%) Isat (%’)
Si/2-Pi,2 397 nm 250 60  300uW 22-10* 439
S1/2-Pi,2 397 nm 500 120  300pW 5.5-10° 43.9
S1/2-Pi)2 397nm pump 250 60 4uW  3-10? 43.9
D3/, - Py /s 866 nm 500 250 3mW 2107 0.29
D3/, — P32 850 nm 250 125  300pW 4.8-10°  0.032
D5/ = P32 854 nm pump 250 125 20uW  3.2-10? 0.28
D55 — P37 854nm 500 250 3mW 1.2-10% 0.28

Table 1.1.: Different lasers are used to excite the dipole transitions from i to k. The light is
focused by plano-convex lenses with focal lengths f to spot-size diameters d at the posi-
tion of the ion. For a maximum laser power P, the maximum intensity I is calculated for
comparing to the calculated saturation intensities Is,; of the transitions.

14High Finesse, WS7
155chifter+Kichhoff, 60FC-4-M12
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1. Experimental setup

1.2.2. Frequency-locking scheme
Transfer lock

The laser frequency stabilization system in our laboratory consists of a complex chain of
transfer locks that are described in detail in [75] and [83]. It was developed to have low
laser linewidths (~ 100 — 200 kHz) and low drifts of the frequency on a daily time basis.
The stabilization chain starts with an 852 nm laser!® which is referenced via a Fabry-Perot
transfer cavity to the D2 line of cesium in a vapor cell. The locking scheme is a combina-
tion of the Pound-Drever-Hall technique with Doppler-free absorption spectroscopy. The
acquired stability of this laser frequency is then transferred first to Fabry-Perot cavities by
stabilizing them to this laser with self-made electronics called cavity locker [77]. Then all the
lasers (except 729 nm and 846 nm) are locked to their transfer cavities with a feedback con-
trolyzer!”. This finally results in a transfer of the stability from the Cs-lock via the 852nm
laser and the transfer cavities to the individual lasers. Once the lasers are locked to the cav-
ities, the remaining frequency detuning to the atomic transition frequency is compensated
by the acousto-optic modulators.

Pound-Drever Hall technique

The invention of the Pound-Drever-Hall technique goes back to frequency stabilization of
microwave oscillators by Pound [84] and was taken over to stabilize a laser to a cavity by
Drever and Hall [85]. The Pound-Drever-Hall laser frequency stabilization is a well estab-
lished technique to stabilize a laser frequency to a Fabry-Perot cavity. The measurement
of the frequency is fed back to the laser to suppress frequency fluctuations. The main idea
behind this technique is to measure the derivative of the reflected intensity from the cav-
ity with respect to the modulation frequency. The reflected beam contains the information
whether the frequency of the laser is above or below the cavity resonance through modu-
lated sidebands which interfere with the reflected beam. In the sum one gets a beat at the
modulation frequency which allows to measure the phase of this beat pattern. The phase
of the incident electric field Ej,. is modulated with the modulation frequency wy

Eipe = Eoei(wct+ﬁsin(wMt)) (1.10)

with B as the modulation depth and w,. as the unmodulated carrier frequency of the electric
tield. With a fast photodiode the power of the reflected beam is measured which contains
the carrier frequency w,, and the two sidebands w. & wy1. From this signal, an error signal
is derived which is used in a feedback loop to reduce the linewidth of the laser below the
linewidth of the cavity, since the light stored in the cavity is averaging the fluctuations over
the storage time of the cavity. This reduces the laser linewidth to ~ 130 kHz outgoing from
the cavity linewidth of 1.9 MHz. However the cavity can only measure the frequency of

16Top’cica, DL
7Toptica, Digilock 110
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1.2. Laser system

the laser and thus it is not possible to reach a high relative phase coherence between the
lasers. In order to get the latter, we set up a new phase-locking technique based on an
optical frequency comb as a stable phase reference which is discussed in Chapter 7.
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2. Light-matter interaction

This chapter treats light-matter interaction to establish the basic understanding for the ab-
sorption and emission process of single photons by a single trapped ion. To this end,
the fundamental properties of ¥°Ca™ are introduced first, followed by the explanation of
Doppler cooling of the motion of an atom in a harmonic trap potential.

In a semiclassical treatment of laser-ion interaction, we describe in a simplified three-
level-system the dynamics of the interaction using the optical Bloch equations. Besides
the Bloch equations, a three-level rate-equation model is developed with which it becomes
straightforward to derive the process of spontaneous Raman scattering. The latter strongly
depends on the transition matrix elements between the associated atomic states. The ma-
trix elements are connected to the geometry of the absorbed and emitted light and the
Clebsch-Gordan coefficients which both are discussed in the last part of this chapter.

2.1. The Ca™ ion

Neutral calcium has an atomic number of 20 and mass of 40.078 u. Out of six stable iso-
topes, 4°Ca is the most abundant with 97 % natural occurrence. Singly charged “°Ca has a
nuclear spin I = 0 and a level structure, of which the five lowest levels with their Zeeman
manifolds are shown in Fig. 2.1. The total angular momentum j of the valence electron de-
fines for each level the number of Zeeman sublevels with the quantum number m; = —j..j.
Table 2.1 gives an overview of the level decay properties. It lists the natural lifetimes T
[78, 80, 81] which are related to the natural decay rates I'; as

1

=5 2.1)

T
and the transitions from k = P35, P1/2, D3/2, D5/ toi = Sy /2, D32, D5/, with their wave-
lengthsl A and the Einstein coefficients A;_;. Given an excited level k, the relation of the
Einstein coefficients to the total decay rate I' is

I =Y Ars (2.2)

The Einstein coefficients represent the oscillator strength of a transition whose magnitude

is fixed by the branching fractions Arkk’i [79, 86] of the excited level. The branching fractions

INote that the wavelengths for 393nm and 732 nm are calculated from the remaining wavelengths that are
measured with the wavemeter.
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Figure 2.1.: Level scheme of 40Ca* with the Zeeman sublevels, laser-driven transitions
(double arrows) and the level properties: the Einstein coefficients A and the Landé fac-
tors g;. Within this work single photons are generated on the P3/; to Sy transition (blue
wavy arrow) at 393 nm wavelength and on the P53, to D5/, transition (orange wavy arrow)
at 854 nm wavelength.

describe the decay probability distribution of an excited state k via possible decay channels
into the final states i. From the branching fractions, the branching ratio is calculated; for the
decay of an excited level, e.g. P35, Table 2.1 shows that compared to the decay probability
into D55, the decay probability into S; /, is enhanced by a factor of 15.92 and reduced by a
factor of 0.11 for the decay into D3 /5.

The coefficients play a dominant part in the calculations of photon absorption probabili-
ties and of emission probabilities of single photons, i.e. at 393 nm and 854 nm wavelength.
In addition, they also contribute to the temporal (and thus spectral) properties of the gen-
erated photons, i.e. they define the time-bandwidth product which will become obvious
in Sec. 3.1.4 and 3.2.4 where the spectral properties of spontaneously generated Raman
photons are discussed.

2.2. Doppler cooling

Doppler cooling serves as one of the most important cooling techniques when working
with single trapped ions. It is important to precool the ion into the Lamb-Dicke regime
(motional excursions of the ion < wavelength of light) [87] before continuing with side-
band cooling to the motional ground state [88] to perform quantum-logic operations [89].

In our group the main goal related to Doppler cooling is the reduction in the ampli-
tude of the secular motion of the ion to perform efficient electron shelving (see Sec. 5.2)
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2.2. Doppler cooling

Level, T Transitionk —i A (nm) Ax_i/2mt  Ax_i/T}, Branching ratio

Py, 6924ns  P3n—-S1, 3933660 2149MHz  93.47% 15.92
Py-Ds,n 8498015 152kHz  0.66% 0.11
Py, -Ds;, 8542087 135MHz  5.87% 1
P15, 7.098ns  Pi»-S1,, 3968466 2098MHz 93.565% 14.54
Pip-Ds,n 8662137 144MHz  6.435% 1
D3, 11765 D3n-S1,, 7323886 135mHz  100% 1
Ds/, 1.168s  Ds»n—S1, 7291464 136mHz  100% 1

Table 2.1.: Level properties of ¥ °Ca™: natural lifetimes 7, transitions from k to i and their

wavelengths (in air), Einstein coefficients Ax_;, branching fractions Ar"]:" and branching

ratios.

and coherent manipulations, both on the 729 nm quadrupole transition. Moreover, good
cooling conditions also enable stable conditions to keep one ion trapped over one day. Af-
ter Ca atoms are ionized in our trap, they can have a high energy corresponding to some
hundreds of Kelvin. In order to cool them quickly to a low motional state, a dipole tran-
sition with a high scattering rate is favorable. In our case the 397 nm laser (together with
the 866 nm laser for repumping from Dj3/;) drives the S;,, — Py, transition which allows
a high scattering rate set by the natural decay rate of I'p,,, = 277 - 22.42MHz. Since this
value is higher than the axial and radial trapping frequencies (w, = 27 - 3.647 MHz and
w, = 27 -1.197 MHz), the cooling process occurs in the unresolved sideband regime [72].
The following classical description from [72] for cooling a particle only concerns the axial
motion in a linear trap and neglects the fact that we do not have two levels but a third one.
The description includes the assumption that the scattering process happens on a short
timescale compared to the ion velocity (I' > wiap) which means that the cooling of the
trapped ion is essentially the same as for a free particle. The average radiation pressure
force on the ion is
F, = ikI'pee (2.3)

with the probability to be in the excited state

0O?%/4
Pee = 5 2 274
02+ 02%/24T12%/4

(2.4)

Here 6 = wy, — wp — k - v is the effective Doppler shift including the detuning A = wy, — wy
of the laser frequency wy, to the atomic resonance wy. For the case that Doppler broadening
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is small compared to I', F; is approximated by

F, ~ Fy(1+ av), (2.5)
with )
B 0O+ /4
Fo_hkrA2+QZ/2+r2/4 (2.6)
and kA
a = (2.7)

A2+ 02/2+T2/4°
The friction coefficient « is responsible for cooling in the case of a negative detuning A. The
cooling rate for a trapped ion where (v) = 0 is then described as

sA/T

E. = (Fo) = Fy ((0) + a(0?)) = Foa(v?) = 4hk> ——————
(1 +s+ %)

(v?) (2.8)

with the saturation parameter s = 2%2 = ﬁ Heating occurs due to momentum kicks
in random directions from spontaneously emitted photons and the random times in the
absorption process of photons which both lead to a diffusion of (Ap?) # 0 resulting in a
heating rate of

1 d

) . . 1

Ep = %a@a = Eabs + Eem = %(hk)zrpee(v =0)(1+¢). (2.9)
The anisotropy between the cooling and heating forces is represented by the parameter .
The minimum temperature is reached if the heating and cooling rates are equal (E. = E},)

such that (0?)
m(v hT r 2A
=—1 1 —+—=. 2.1

) o (arog + ) @10
The Doppler-cooling limit in Eq. (2.10) is reached for the detuning A = %\/ 1+ s. For low
laser intensities far below the saturation intensity (s < 1), the detuning is half the natural
linewidth, which is in our case ~ 10 MHz. For isotropic emission of spontaneously emitted
photons (& = 1) [90] the final temperature we could ideally reach in the limit of a two level
system between Sy, and Py /5 is

Tmin(A) ==

hl'p
Tmin = 3 k;/z

= 0.36mK. (2.11)

Experimental situation

The cooling laser at 397 nm wavelength has an angle of § = 22.5° to the trap axis along the
end tips. This results in a projection of the wavevector k of the cooling light to the axial
and radial oscillation modes whereby cooling is enabled in these directions. The minimum
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2.3. Three-level system interacting with coherent light

temperature given in Eq. (2.11) is not reached in the experiment for several reasons. First
the derivation given above was done for a two level system. In the experiment we use
the 397 nm laser together with the 866 nm laser as a repumper which both couple an eight-
level system (cf. Fig. 2.1). Using both lasers leads to the observation of dark resonances
which strongly change the cooling dynamics for different laser parameters like detuning
or intensity [82]. This means that for weak laser excitation the rule of A = g is not valid
anymore. However, we measured that the mean vibrational number for the axial mode is
(n) ~ 15. Since the motional state of the ion has a thermal distribution, we calculate from
(n) the corresponding minimum temperature to

hiw,

Taxial = W

= 0.89 mK (2.12)

with the Boltzmann constant kg.

2.3. Three-level system interacting with coherent light

The generation process of single photons from a single trapped “°Ca™ needs the descrip-
tion of the interaction of coherent laser light with the atomic transition. The theoretical
description starts with a simplified level scheme consisting of three levels, namely S; /,,
P3,, and D5/, (with degenerate Zeeman sublevels), assuming direct excitation from S, /,
to P3/, with a laser at 393nm. In the experiment described later, we need three lasers for
excitation from S;/, to P53/, including 397 nm, 866 nm and 850 nm laser, which is investi-
gated in Sec. 3.2.2. A further simplification in the 3-level model, arising from a very small
branching fraction from P3,, to D3/, of 0.66 %, is that the decay on the 850 nm transition
is neglected. This reduces the description to an effective three level system, following the
model in [91].
The interaction of a three level atom with two coherent light fields is described by

H = Hatom + Hiield + Hint- (2.13)
The eigenvectors |a), a € {S,P, D} of the atomic Hamiltonian fulfill the equation
Hatom|a) = ficwa|a) (2.14)
with the atomic frequencies w,. With the basis
a=S,P,D— (1,0,0)%,(0,1,0)%,(0,0,1)T (2.15)

the matrix representation of Haiom reads

ws 0 0
Hiom=h| 0 wp 0 |. (2.16)
0 0 wp
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2. Light-matter interaction

Setting the energy of P53/, to zero and defining wsp = ws — wp and wpp = wp — wp gives

wsp 0 0
Hiom=h|l 0 0 0 |. (2.17)
0 0 wWwpp

For the treatment of the field operator Hiieq, we introduce the description of a laser field
where the number of photons is high such that the absorption of one photon by the ion
changes the energy of the light field only by a negligible amount. This means that the
interaction between laser field and ion does not affect the light field and the term Hiield
is neglected. Instead we follow the semiclassical treatment of the interaction term Hint
through two oscillating electric fields [92]

Es93 = E 303 cos(ws93t)@303, Essa = Eogsa cOS(wgsst) s (2.18)

with the amplitude E,, the laser wavelength w and the polarization vector ¢ for the two
transitions at 393 nm and 854 nm. Each field couples to the electric dipole moment of the
respective transitions. This is not the case for the quadrupole transition from S/, to D55,
whereby the D5/, level is taken to be stable. A comparison of the D5/, lifetime (1s) to
the P53/, lifetime (7 ns) shows the validity of the assumption. The interaction in the dipole
approximation? is thus described as

A = —d-E, (2.19)
with the atomic dipole operator d = —e- 7. In terms of the atomic energy eigenvectors it is
expressed as

d = dep (15)(P| +[P)(S]) +dor (|P) (D] + D) (P}, (2.20)

with dsp = (S|d|P), dpp = (D|d|P), and the interaction term is written

Hine = (‘ISP (IS)(P| + |P)(S|) + dpp (|P)(D| + |D) <PD> (E393 + Ess4> : (2.21)

If the light fields interact only with their respective transitions and using the rotating-wave
approximation Eq. (2.21) simplifies to

) 1Qgp
At =
int 2

(1) (Pleoss + [Py (sle-iesst) + PPT (1) (Dle st 1 D) (Pless)

(2.22)
using i) = d-e Eo with the Rabi frequency ). The total Hamiltonian in matrix represen-
tation is now

Qsp Liwsgst
) wS,P 2SP lwsos 0‘
H=rh Q2spe—1a;393t 0 QEP e iwssat | (2.23)
0 QZDP plwssat wpp

2The dipole approximation is valid for a laser wavelength much greater than the size of the atomic wave
packet.
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2.4. Optical Bloch equations

With the transformation into the reference frame rotating with the laser frequencies one
finally obtains
0
! AQ393 % QO
Hi=n| S 0 o 229
0 =3 Agss

with the detuning Azgs = w393 — (wp — ws), Agsa = wgss — (wp — wp) of the laser frequen-
cies to their transition frequencies.

2.4. Optical Bloch equations

The full description of the atomic dynamics needs the inclusion of the spontaneous decay
of excited levels which generally leaves the ion no longer in a pure state. The density-
matrix formalism has to be used by writing the density operator g in terms of the eigen-
vectors

0=Y. pala)bl. (2.25)

a,b=S,P,D

The probability to find the ion in one of these states is given by the expectation value,
e.g. pss = (S|p|S), whereas (a|p|b) represent the non-diagonal elements which are called
coherences. With this description the trace of p is preserved

Tr(p) = pss + pep + ppp = 1. (2.26)

The time evolution of the density operator is described by the master equation in Lindblad
form with the Hamilton operator from Eq. (2.24) as

N

_ = A Y —_—
a =~ L)

i

A [lﬁ// Hl] + ﬁdamp (p) (2-27)

The density matrix p’ is described in the rotating frame whereas the damping term ﬁdamp
is not affected by the transformation. The latter is formulated as

. 1 N b A ara
Laamp(P) = 5 ¥ (260CE - pCC — C1Cip) (2.28)
k
with the operators C; that describe the decay processes like from the P to the S level

Cps = /As03S)(P|, (2.29)

with the Einstein coefficient Azgz3 = Ap.s. The linear differential equation in Eq. (2.27) is
solved in vector form

dg -
i ;sz gj (2.30)
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2. Light-matter interaction

with the N2 x N? Liouville superoperator . and N being the number of levels. g is now
written in a vector form of matrix elements

0 = (pss, PSP, ---LDD) , (2.31)

that finally leads to the solution for the initial condition §(0)

A(t) = e 5(0). (2:32)

In order to fully simulate the atomic dynamics during light-atom interaction, P. Miiller
wrote within his Ph.D. time a program in Matlab presented in [93], which incorporates all
18 Zeeman sublevels (see Fig. 2.1) for the numerical solution of the optical Bloch equations.
With this program, it is possible to investigate the temporal evolution of excitation- and
decay processes between various quantum states, dependent on initial laser parameters
like intensity, detuning, polarization or angle of incidence with respect to the quantization
axis. Within the present thesis, the program is used as a tool wherever dynamical aspects
of internal states, that are reflected in the temporal dynamics of arrival-time distributions
of single photons, become important to compare with experimental results. Beside the
simulation the program is also used for fitting the modulated arrival-time distributions of
generated photons presented in Chapter 6.

2.5. Spontaneously Raman-scattered photons

After the introduction of the density-matrix formalism, we have now the tools to describe
atomic rate equations for the three-level system. The equations are used to describe the
atomic dynamics in a compact analytical form which is used to derive a simple model
for the temporal evolution of the atomic population during photon generation. Since the
atomic dynamics reflects the temporal shape, i.e. the wave packet, of the generated single
photon, we use the simple model from the rate equations to obtain temporal properties
of the emitted photons. We check the validity of the rate-equation model by comparing
its numerical solution against the solution of the optical Bloch equations for two different
excitation regimes. The experimental implementation of photon generation is presented
and discussed in Chapter 3.

We consider the three-level scheme shown in Fig. 2.2 and the situation that all the popu-
lation is initially in the metastable D5/, level. From there it is optically pumped to the S/,
level with the 854 nm laser which couples the D5/, and P3,, level. During this process the
population in P53/, spontaneously decays to Sy /,, thereby releasing a single 393 nm photon.
Since the initial energy level of D5/, is higher than the final state S; /5, the energy of the
emitted 393 nm photon is higher than the absorbed 854 nm laser photon. In contrast to
the case of Rayleigh scattering in a two-level system, this is an inelastic scattering process
which is termed (Anti-Stokes) Raman scattering. In reference to the 393 nm photon which
is generated by a spontaneous decay from P3,, to Sy /,, the photon is called spontaneously
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2.5. Spontaneously Raman-scattered photons

Raman-scattered photon. As we will see in Sec. 3.2 it is also possible to implement the inverse
process, i.e. we optically pump the population from the S; /, level to the D5, level, thereby
generating 854 nm photons in a (Stokes) Raman scattering process.

P3/»

393 nm — D5/

51/2 —

Figure 2.2.: Three-level system with laser excitation at 854 nm on the two-level subsystem
between D5/, and P3/, and the scattered photon at 393 nm from the intermediate state P53,
to the ground state Sy /5.

2.5.1. Atomic rate equations for the three-level system

The dynamical evolution of the atomic population, necessary to formulate an analytical
expression for temporal properties of the Anti-Stokes Raman scattered photons, is derived
from the following simple rate-equation model for the three-level system [94], neglecting
the spontaneous decay of the metastable D5/, level to Sy /5,

pPss(t) = Asgz ppp(t), (2.33)
prp(t) = —(Aszo3 + Agsa) prp(t) + 7854 pOD(t) — 7854 PP (1), (2.34)
ppD(t) = —7r854 ppD(t) + Agsa prp(t) + 7854 prp(t), (2.35)

where the Einstein coefficients are defined as Ap,,, s,,, = Asos, Ap,,-Ds,, = Asss and
[p,,, = Aszos + Asgss is the total decay rate. The population transfer rate induced by the
854 nm laser is defined by rgss which describes the population transfer in the two-level
subsystem between P3,, and D5/, by absorption and stimulated emission processes.

Numerical solution

The equations (2.33)-(2.35) are solved numerically for the initial conditions pss(0) = 0,
prp(0) = 0 and ppp(0) = 1. We typically work with 854 nm laser parameters as the in-
tensity such that the population transfer rate rgs4 is low compared to the total decay rate
[p,,, = 27 -22.99 MHz. Here we choose rgs4 = 271 - 1 MHz and show the population dy-
namics in Fig. 2.3. There we observe that the population ppp(t) is optically pumped out
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Figure 2.3.: Evolution of the populations pss, ppp and ppp corresponding to the Sy /5, P3/»
and Ds/; level populations for generation of 393 nm photons. The simulation is executed
for rgs4 = 271 - 1 MHz.

from the Ds/; level with an exponential decay while psg(t) is filled accordingly. From the
dynamics we infer that ppp(t) = —pss(t). In between the P3/; level is weakly populated
such that ppp(t) < 1 persists during the whole process.

Analytical solution

The analytical solutions for the different levels are quite lengthy. However, we want to
obtain an analytical expression of the D5/, population to see how the level is depopulated,
which is useful for the deviation of a (simplified) analytical expression for the P3,, popu-
lation. From the analytical solution we obtain with I' = Azg3 + Agsa

" 1 (eg(nzrm\/m)%m e—%(r+2r854+\/m)%393
pp(t) = 5 —
’ 2 \/ 2 + 4 Agsarsss + 4r3s, \/ 2 + 4 Agsarsss + 4r3s,
. 67%(F+2r8547\/m)t14854 e—%(r+2rg54+\/m)t14854
\/1"2 + 4 Ags47854 + 4:7’%54 \/F2 + 4 Ags47854 + 47’%54

+ e*%(r+2r854* /T2 +4 Agsyrgss+4r2s, )t + e*%(r+2r854+ \/T? +4A854r854+47’§54)t> . (2.36)

In the limit of rgs4 < I' and including that Agss < I, the equation reduces to

pop(t) = 7 T T
— Tt (2.37)

1 <A393+ASS4€f854t _ Me*(r+rs54)f 4o et e(r+7854)t>
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2.5. Spontaneously Raman-scattered photons

Since the population is pumped from the D5, to the S;/, level, we rename the rate rgs4 =
Rp_,s and formulate the time derivative

ppp(t) = —Rpose Ro=s! = —Rp s opp(t) = —pss(t). (2.38)

In order to understand the temporal evolution of the population in P3,, when switching
on the 854nm laser, we first have to point out the different timescales that occur during
excitation on the D5/, to P53/, transition. For the subsystem between the Ds,, and Pj/,
level we introduce a situation similar to a two-level system by a steady-state excitation
probability. Since we work in a regime where the Rabi frequency (gs4 of the driving field
is much lower than the natural decay rate of the upper state I'p, ,, the overall population
in P3/, is very low. The two states D5/, and P3/,, however, reach their steady state with
rate I'p, ,, much faster than the rate with which population is transferred to S; /5. Thus we
formulate the steady-state population ratio in the two-level subsystem of P3,, and Ds 5,

pep(t) Ofs4 ' (2.39)
poo(t)  4A2+T5  + 205,
The detuning A between the atomic transition frequency and the laser frequency and (gs4
as the Rabi frequency
1

I
Qgs4 = §A§547854, (2.40)
sat

with the laser intensity Igs4 and the saturation intensity

m hc
Lsat = 52\3 1 7 (241)
Agsa

result from the theory of the two-level Bloch equations [92]. For the population ratio given
in Eq. (2.39) we insert Eq. (2.33) and Eq. (2.38) leading to

prp(f) _ Rps (2.42)

ppp(t) Asoz

and we finally obtain, in terms of the steady-state population, the rate at which population
is transferred from Ds,, to S/

2
Q854
2 2
4N + g, + 2003,

Rpos = Asgs. (243)
Eq. (2.43) constitutes the time independent rate of spontaneously Raman-scattered photons
from which we already notice that we can control the rate of 393 nm photons by the laser
detuning A and by the Rabi frequency (gs4 on the D5/, to P/, transition. In the weak
excitation regime Qgs4 < I'p,,,, Eq. (2.43) simplifies to

2
0854

2 2
AN+ TR

Rps = A3, (2.44)
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2. Light-matter interaction

which has a linear dependence on the laser intensity I as shown in Eq. (2.40). For higher
Rabi frequencies in the strong excitation regime ()gs4 > I'p, , the description becomes more
complex. In this regime damped Rabi oscillations on the D5, to P53/, cause the rate Rp_,s
to become time dependent, as discussed below.

Now we are able to calculate the temporal dynamics of the population in P53/, by first
inserting Eq. (2.34) into Eq. (2.35) which gives

ppp(t) = —ppp(t) — Aszgzppp(f). (2.45)

Inserting Eq. (2.38) into Eq. (2.45) allows us to solve the differential equation and derive
the population in P53/, which evolves like

R 1 — ¢—H(Rpos—Ase)
prp(t) = pos(l —¢ ) vt (2.46)
Rp_s — Azgs

According to [95], the total average intensity at time ¢ of the emitted light is (I(t)) o ppp(t)
which indicates that the temporal profile of the photonic wave packet is formed by the
temporal evolution of the population in P3,,%. In the experiment we want to record the
envelope function of the photonic wave packet and deduce the exponential decay time.
Instead of using the more complex Eq. (2.46) for fitting the photon, we further simplify
Eq. (2.46) in the limit of % < 1 where we know that Rp_,5 < A3zg3. Thus we obtain the
approximation

_pee(t) Ry e
prp(t) = oo () ¢ . (2.47)

Comparison between the models

We show the temporal behavior of the population in P53/, for the three different models and
check their validity for weak and strong excitation. In Fig. 2.4(a) we numerically calculate
for a weak excitation with Qgsy = 271 - 2MHz the solution of the Bloch equations (solid
green line), the solution of the rate equation model as given in Eq. (2.46) (solid blue line)
and the approximated exponential decay function in Eq. (2.47) (dashed red line). The evo-
lution of the solution from the Bloch equations and rate equations follows of a fast rising
slope and a slow decay given by the inverse of Rp_,s as the 1 time

Toh = ~ 1us. (2.48)
We see that for the low Rabi frequency, corresponding to an intensity well below the satura-
tion intensity, the pure exponential decay without the rising slope is a good approximation
to the rate-equation model and both agree well with the full dynamics from the Bloch equa-
tions. That is why we use in the next chapters the simple exponential decay for fitting the

3A further description of spectro-temporal properties of photons is given in Chapter 3.
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2.5. Spontaneously Raman-scattered photons

photonic wave packets. The temporal shape given in Fig. 2.4(a) reflects the temporal evolu-
tion of the photonic wave packet and Eq. (2.48) shows that we are able to tune the temporal
length of the photonic wave packet by the rate Rp_,s. In Fig. 2.4(b) we present the strong

0.8 50
w06 07,
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= 04
S 20/
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2 02
& 10}
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0 1 2 3 O0 20 40 60
Time (us) Time (ns)

(a) (b)

Figure 2.4.: Temporal evolution of the population in P53/, simulated by the solution of the
Bloch equations (solid green line), the rate equation model (solid blue line) and the simple
exponential decay (dashed red line): (a) for a weak 854nm laser excitation with a Rabi
frequency Qgss = 271 - 2MHz. The Bloch equations are well approximated by the rate
equation model and the exponential decay function. (b) for strong 854 nm laser excitation
with a Rabi frequency Qgss = 271 - 40 MHz. Here coherent dynamics become visible in the
Bloch equation solution (solid green line) while for the strong excitation regime the other
models can not simulate the proper dynamics anymore.

excitation regime given by a Rabi frequency of (gs4 = 271 - 40 MHz. In this regime only
the Bloch equations including atomic coherences describe the full dynamics correctly. The
deviation of the rate equation model and the exponential approximation from the correct

dynamics become obvious, since the conditions for this models ((ss4 < I'p;,, g SE((?) <1
are not valid anymore. Furthermore the rate-equation model does not treat atomic co-
herences. However, since the Rabi frequency is higher than I' the transition is saturated
and we start to observe coherent dynamics, i.e. damped Rabi oscillations between D5,
and P3,, with a period of 25ns which are properly described only by the Bloch equation

solution where coherent coupling terms are included.

2.5.2. Rate of single 393 nm Raman-scattered photons

Finally the time dependent rate at which 393 nm photons are scattered is written as

R303(t) = Ases prp(t). (2.49)
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The generation of single photons is typically performed in a pulsed sequence mode which
runs with a repetition rate viep for a certain acquisition time facq. The average number of
scattered photons during t,.q with the excitation period of T is derived by

t+T

(n303)(T) = Vrep tacq /t/ R3o3(t) dt (2.50)

t+T
= Vrep tacq /t’ Aso3 ppp(t) dt. (251)

In the last equation, the time t’ represents the time at which the 854 nm laser is switched
on during each sequence cycle. The electronic signal which switches the laser is used for
digitally gating the detector. The gate signal is fed into one channel of our time correlator
PicoHarp, while the second channel of PicoHarp is connected to the photon detector. With
both signals, correlation measurements are executed between the beginning of the 854 nm
pulse and the detection of the photon at 393 nm, revealing the photon wave packet in a
photon arrival-time histogram.

If the initial population of the D5/ level is completely pumped out during one excitation
period of T which is much longer than the ! lifetime (Tpn) of the photon wave packet, we
generate a single photon in each experimental cycle. Integration over the whole photon
wave packet, i.e. over the total temporal evolution of ppp(f) means that the integral in
Eq. (2.51) is close to one and we obtain the total number of emitted photons

n393,gen = Vrep tacq~ (252)

Note that this is only valid if the state preparation efficiency of the D5, state is close to one.
Since we do not detect all the photons which are generally emitted isotropically into the
solid angle of 471, we have to introduce a detection efficiency factor 77393 representing the
ratio of photons that are detected with the photomultiplier to the total number of generated
photons

Nn393 det
393 = ——— . (2.53)
n393,gen

2.6. Absorption and emission probabilities of dipole transitions

The calculation of all factors that contribute to the detection efficiency 7 presented in
Eq. (2.53) firstly needs the characterization of the emission profile of the light. More im-
portantly the dipolar emission pattern are presented in this section since they serve as a
basis to understand the generation of quantum-beat-modulated single photons presented
in Chapter 6.

Since the emission and absorption characteristics appear in the transition probability for
the dipole transitions, we introduce the transition matrix element between two states |¢,)
and |y,) with Eq. (2.19) as

(o Hint|pa) o (p|F|tpa) - & = P - €. (2.54)
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2.6. Absorption and emission probabilities of dipole transitions

So far the description of the light-matter interaction has been restricted to the situation of
a three-level system with degenerate Zeeman sublevels. The total angular momentum j of
the valence electron defines for each level the number of Zeeman sublevels with the quan-
tum number m; = —j..j. Now the sublevels are lifted in their degeneracy by a magnetic
field B. The frequency splitting Av between Zeeman substates is determined by the Landé
factors gj, the difference in the magnetic quantum number Am; and the magnetic field B
according to

Av = % g Am;B. (2.55)

Thus the transition matrix elements have to be expressed in the basis states
<jb, mb|?‘ é”]‘a, ma>. (2.56)

For including the polarization and angle dependances in the probability of the transition
amplitudes for the emission processes we analyze |7, - €| since this is related to the natural
spontaneous decay rate between two manifolds 2 and b like

3
- awy, . L2
dl"ha = 27TC; : |rba : €| . dQ, (257)

with the fine structure constant & and the transition frequency wy, [96]. The selection rules
and angular distributions of the emitted radiation are determined by the scalar product be-
tween the dipole matrix element ?bzt) described in the atomic coordinate system (at) and the
polarization vector PM of the light traveling in the direction of k and which is described
in the photonic coordinate system (ph). Taking this into account demands the derivation
of a theoretical model showing which dipole transitions are allowed with respect to the ab-
sorbed and emitted light polarization and angular dependence of the light direction. The
description follows [96].

Since the atomic system is typically described in spherical coordinates we describe the
photonic polarization by the following basis vectors

ey =26, €= —% (& +ie,), é.q1= % (& —1ié,) . (2.58)
They are drawn in Fig. 2.5 (blue line and circles) describing linear light polarization in z-
direction and two circular polarizations €1 and é_;, representing right- and left circularly
polarized light propagating in the z direction or in the x-y plane, respectively. Accordingly
linear polarizations along x and y are described by

&=~ 1 (F —2), (2.59)

¢, = % (€41+2-1). (2.60)

The three vectors in Eq. (2.58) are also the basis vectors for the classical description of the
atomic position vector 7, necessary to evaluate transition matrix elements. For the latter
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Figure 2.5.: Cartesian coordinate systems describing the atomic system (x(@, 1@, z@9) and
the photonic system (x®M, y®M, z(PN)  The z(@-axis coincides with the direction of the
magnetic field which defines the quantization axis. The wave vector k (red) shows the
propagation direction of the light. The polar coordinates ¢, and 6 are used for coordi-
nate transformation from the atomic into the photonic system and vice versa. The three
fundamental oscillations (blue) correspond to the basis vectors €1, €_1 and €, which are
used to describe the polarization of the light field in the photonic coordinate system and
the dynamics of the atom in the atomic coordinate system.

we write the atomic position vector 7 in spherical coordinates and we identify the three
components

réat) T 4?71 Y10(0, 9) (2.61)

2@ iy (at
r(j? = —(\ﬁy) =7 47” Y1,+1(6, 9) (2.62)

@  (x@—iy@)

= = ATy, 1(8,9), 2.63
ey 7 r\/ 51,100, 9) (2.63)

with the spherical harmonics Y}, with | = 1, m; = 0,+1, —1. The general form of the
atomic position vector 7 is summarized as

+1
PO = [ Y v0,) -2, (264)
qg=-1

>k

where ¢; is the complex conjugate of ¢; introduced in Eq. (2.58). For a transition between
two energy eigenstates |j, 1,), |j, 1) and light polarization ¢, the absorption and emission
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probability described in the term |7, - PV {2 is expressed as

2
2 1
o @7 = | 3 (mylrglma) -2 20 2.65)
qg=-1
2
1
= IWVE Y nolrlva) Gomp[Yagljarma) - &5 - @ (2.66)
qg=-—1

with the radial matrix element (y,||y,) which can only be solved by high numerical efforts
and the matrix elements (jjm,|Y14|jamm,) that are discussed in Sec. 2.6.3.

2.6.1. Polarization and angular dependence for emission process

We formulate the emission process from |j;, my,) — |ja, m,) with the generation of linear
superpositions between Zeeman substates in |j,, 11,) and obtain the final state

|pa) o Y (1ma|rg|mp)* - € - & PD |y ). (2.67)

my

To see the polarization of the light which is generated by the emission process for arbitrary

emission angles (¢, 6x) we evaluate E;at) - &*®M which is possible by a rotation of the pho-
tonic reference frame into the atomic reference frame, which means we have to express géat)

in terms of £PY through
j
= iq' ~(ph
e = el o Y doy (=) g (2.68)
9==]

Evaluating Eq. (2.68) for Am = my, — m, = q' = 0,£1 results in the following polarization
vectors in the photonic reference frame

Eéat) _ sin\/gk (Ej—%h) _ é»ﬁp;h)) — sin6 - E,Sph) (2.69)
EJ(ralt) = ¢l (cosz% E’J(rplh) + sin?% Eﬁﬁh) (2.70)
gl — i (sinzez—k Eﬁh) + cos? e{plh)> . (2.71)

The derivation of Eq. (2.68) together with Eq. (2.69) is given in detail in App. A.1. Out of
the various emission angles we restrict the analysis for the two emission angles 6, = 0
and 6 = 7, as they correspond to the typical experimental case that the HALO collects the
emitted light along (6; = 0) and perpendicular (6 = 7) to the quantization axis. We clearly
see that for 6y = 0, the light emitted in the direction of the magnetic field (along the Z(@t)_
axis) corresponds to pure o (€,1) light, which is right circularly polarized (|R)). Similarly,
in the opposite direction with 6y = 7, the light emitted on a ¢~ (¢_1) transition is left
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circularly polarized (|L)). Perpendicular to the magnetic field, with 6, = 7, the light has a
linear polarization. For the special case in the z(2!)-y(@!) plane (¢} = Z,3m), the emitted light
has pure linear polarization along the x(PM-axis in the photonic reference frame, which we
define horizontally polarized (|H)) 7t light. Additionally, we obtain according to Eq. (2.60)
and for ¢y = 7,5 3% the superposition of the two circular oscillations ¢+ and ¢~, which
results in vertically polarlzed light (|V)), i.e. perpendicular to the (@) — z(2 )-plane.
Finally we insert Eq. (2.69) - (2.71) into Eq. (2.65) and in Eq. (2.57) to directly observe the
angular distribution of the emission probability per time into the solid angle for 7r and ¢

transitions

aws )

al, = 271? |(my|ro|mg)|? - sin?6y dQY, (2.72)
“wl?;a 1 2

dl"g = e | <mb|1’:|:1 ]ma>| f(l + cos Qk) dQ). (273)

These two equations show that perpendicular to the magnetic field the probability to de-
tect -photons is half that for 77-photons, which must be taken into account for calculating
emission probabilities and detection efficiencies for generated photons along the quanti-
zation axis or perpendicular to it. In Fig. 2.6 the geometry dependence of the emission
intensities is plotted for 7m-transitions (a) with I,; sin?6; and ¢ transitions (b), (c) with
Iy x %(1 + cos?0y) for 6 = 0..7t and for @ = 0..277. The color code visible in the emission

(a) (b) (©)

S P

Figure 2.6.: Intensity profile of the dipolar emission pattern for r-transitions (a), -
transtions (b) and ¢~ -transitions (c). The colorbars show the different polarizations for
different emission angles. The z (at)_axis coincides with the direction of the magnetic field,
defining the quantization axis. The abbreviations for the polarizations are explained in the
text.

pattern represents the polarization, i.e. Eq. (2.69)-(2.71) for 6y = 0..7t. For these we intro-
duce a new appropriate nomenclature for the polarization, namely S- and P polarization.
The S polarization represents the linear polarization between |R) and |L) in Fig. 2.6(b) and
(c) and is defined to be perpendlcular to the plane spanned by the wavevector k and z(@!
when light is emitted for 6, = 7 and gy is arbitrary. For the case of a 7m-transition, the
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2.6. Absorption and emission probabilities of dipole transitions

light has P-polarization which is parallel to the k — z(@ -plane. As we will see in Sec. 6.2.1
and Sec. 6.2.2, the different emission pattern become crucial when explaining the different
types of quantum-beat-modulated arrival-time distributions of single photons, which are
emitted by the ion.

2.6.2. Polarization and angular dependence for absorption process

Analogously to the emission process described above, the absorption process for the tran-
sition from |j, m,) to |j, m;) is formulated as

|p) “Zmb|7’q|ma>' @) 500 |, ). (2.74)

For this case, the transformation has to be performed from the atomic reference frame into
the reference frame of the photon

zPh) _ ZJ: e 194! (6)) . gt (2.75)
q/ ‘ qq’ k q 7 .
q==J

and the photonic polarization states are expressed by evaluating Eq. (2.75) for the possible
transitions as

Egh) — ¢i9rsin? [ e(at) + s1\r}§k 5éat) + e Proog? ei 1) (2.76)
E’E%h) — lPkcog2 e(alt) _ SI\I}gk é'(a’f + e iPrgin2 8 eiiilt) (2.77)
B = foneost g0 in g g™ — pinscosti 5o (2.78)
é,y(ph) — ﬁ (elq)k e£1) + e—iq)k é’iﬁ)) (279)

Depending of the angle of incidence 6y, the equations above show which kind of transi-
tions are excited for different incoming polarizations. As an example, for an excitation on

quantization axis (along z(®)) with §; = 0, pure ¢ transitions (eil)) are excited by |R)

light (¢ J(rl )) and pure ¢~ transitions with |L). An excitation with horizontal polarization

|H) for o = 5 (aEP h)) results in a coherent excitation of '+ and ¢~ transitions according to

£ — ) ) — el 20

2.6.3. Clebsch-Gordan coefficients

Finally we come back to the remaining part in Eq. (2.66), namely the matrix elements of the
spherical harmonics in the LS-coupling regime (jj1;|Y14|jatm,). With the Wigner-Eckart
theorem they are decomposed into

<jbmb|Y1q’jama> = (ja 1, ma,q|jp, mp) vojol Y2 Vafa) (2.81)
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with the reduced matrix element (y4jy||Y1||7vaja) Which is independent of the geometry.
The second term is the Clebsch-Gordan coefficient* which can be expressed in terms of the
the Wigner 3j-symbol [97]

o Lj . . _ . e 1
Conaim = o 1= G tmsgliooms) = (04w 1 (Jo 10 ) g
a
With this formula the Clebsch-Gordan coefficients for the transitions between Zeeman sub-
states from |Ds/;, m;) to |P3/2,m;) and from [P35, m;) to |S; /5, m;) are calculated and the
squared values are shown in Fig. 2.7. The Clebsch-Gordan coefficients will become im-
portant, especially for single-photon interference experiments as presented in Chapter 6.

I
NI
+
NI

I)3/2 - . T

S1/2 —_— —

Figure 2.7.: Squared Clebsch-Gordan coefficients for the D5/, to P3,, transition and for the
P3,, to Sy, transition. The negative sign indicates the sign of the Clebsch-Gordan coeffi-
cient, e.g. for [P35, —1/2) — |Ds5/5, —1/2) we get —/6/15.

Summary

In this chapter, I presented the basic theory of light-matter interaction. Starting from a
semiclassical approach of laser-ion interaction, the dynamics for a three-level system in-
teracting with one laser was described with three different models to obtain the temporal
evolution of the population in the P/, level, representing the temporal shape of the pho-
tonic wave packet at 393nm. For low laser excitation below the saturation intensity, the
three models agreed in the temporal shape by which the most simple exponential decay
function is used in the next chapters to obtain the 1 lifetime of the photons. For strong
laser excitations coherent dynamics play a more and more dominant role, such that only

4Note that different notations for the Clebsch-Gordans coefficients can be found in literature like Cnggmy, =

Chi oy = (ama; 1,qja, 1, jp, myp).
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2.6. Absorption and emission probabilities of dipole transitions

the Bloch equations can still describe the dynamics properly. Finally the emission and ab-
sorption probabilities of dipole transitions were presented. The angle- and polarization
dependance of the emission and absorption processes were analyzed which together with
the Clebsch-Gordan coefficients become important in Chapter 6, when selected transitions
between Zeeman sublevels are excited.
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3. Controlled generation of single photons at
393 nm and 854 nm

Single photons are the unique resource to transport quantum information in a quantum
network between distant nodes like single ions in separate traps. They allow for entangle-
ment between the nodes through different strategies. One approach is the use of a para-
metric down-conversion process as a source of entangled photon pairs. The photon pairs
are split up and individually sent to two distant single ions, where they are absorbed, thus
transferring the entanglement to the ions [98]. An alternative way consists in the creation of
atom-photon entanglement [99, 52] to directly transfer the quantum state to another node
by mapping the photonic quantum state onto the atom which entangles the two nodes [37].
Besides there is the way for entanglement of two nodes, e.g. two distant atoms that have
not interacted directly. If the atoms emit photons such that atom-photon entanglement at
each atom is created, one can transfer the atom-photon entanglement through a projec-
tive measurement of the photons, i.e. after overlapping their emitted photons on a beam
splitter [41] to atom-atom entanglement. This general scheme is known as entanglement
swapping [100, 43].

All these schemes have a probabilistic nature. If a herald for the successful creation
of entanglement is incorporated, it offers deterministic quantum information processing
after its detection [101]. Furthermore the schemes require a high success probability given
by a high rate of generated photons that ideally should be in pure quantum state, i.e. the
photons must have a single polarization and be in a single spatial mode. More importantly,
the spectral and temporal character of the photons should ideally show a minimal time-
bandwidth product, which we call Fourier limited photons.

In the context of fiber-based quantum networks, the latter is an essential feature for mul-
tiplexing, known from classical optical fiber communication systems. Multiplexing allows
for transmission of more than one optical signal through the same fiber. In order to reach
a maximum number of different transmission channels within the available transmission
bandwidth while keeping a high transmission rate, the photons should be Fourier limited.

The following section 3.1 treats the controlled generation of single 393 nm photons in
a spontaneous Raman process, triggered by the absorption of 854 nm laser photons. It is
shown that the temporal shape of the photonic wave packet is controlled by the 854 nm
laser intensity. The true single photon character is proven by the presentation of the
second-order correlation function. The change of the depopulation rate of the D5/, level
for different 854 nm polarizations shows the controlled preparation of a single Zeeman
substate in the D5/, level. With this preparation it is possible to generate 393 nm photons
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3. Controlled generation of single photons at 393 nm and 854 nm

in a pure polarization and frequency state and with an almost Fourier-limited time band-
width product which makes them suitable as carriers of quantum information in transfer
schemes.

In section 3.2, the controlled generation of 854 nm photons which is important for proof-
of-principle experiments towards (hybrid) quantum networks is presented. In contrast
to the 393nm photons, the generation of 854nm photons is executed in a three-photon
resonance condition whose investigation is assisted by numerical simulations. It will be
shown that these photons are far away from being Fourier limited due to the three-photon
excitation and the branching ratio of the P3,, level. However, we couple them into a single-
mode fiber with a rate sufficient for photonic interaction measurements between two single
ions, presented in Chapter 4.

3.1. Single 393 nm photons as heralds for quantum memories

One of the goals of our work towards the realization of a quantum network lies in the en-
tanglement transfer of the polarization of photon pairs from a SPDC source to two distant
single ions as originally proposed by [98] and adapted to our experimental situation by
[102]. The photon pair source used in our experiment generates polarization entangled
photon pairs which are resonant with the 854 nm transition at the ion. In our experimental
protocol, we want to use the 393 nm photons as a herald for the successful state transfer
from the 854 nm photons into the ground state of the ion, leading to a high fidelity for the
mapping process even if the absorption probability of the 854 nm photons is low. In order
to reach this, we first have to show the full control of the atom-photon interface, i.e. the
control over the absorption of 854 nm photons and the emission of 393 nm photons. Con-
cerning the emission, we have to generate 393 nm photons in a spontaneous Raman process
which are ideally in a clean frequency and polarization state. Characterizing 393 nm pho-
tons in a pure polarization state can be viewed as an essential prerequisite for Chapter 6,
when superpositions of pure polarization states of 393 nm photons are used to perform
single-photon interference experiments.

3.1.1. Experimental setup

The experimental setup for the generation of single 393 nm photons and the corresponding
level scheme with all relevant transitions are shown in Fig. 3.1(a) and (b), respectively. The
ion is addressed by the 397 nm and 866 nm laser for Doppler cooling. The population is
optically pumped to the D5/, manifold together with the 850 nm laser on the D3/, to P3/,
transition. For the generation of 393 nm photons we can either use the 854 nm pump beam
at 45° with respect to the HALO axis or the 854 nm beam which is sent in through HALO
1 along the quantization axis, i.e. in the direction of the magnetic field B. Its polariza-
tion is rotated from right-circularly polarized |R) to left circularly polarized |L) light with
the quarter-wave plate (QWP 854nm). The laser beams are focused with plano-convex
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3.1. Single 393 nm photons as heralds for quantum memories

lenses to focal-spot diameters of 120 pm (397 nm), 250 pm (866 nm) and 125 pm (850 nm
and 854 nm pump). The 854 nm beam is focused by the HALO to a focal-spot diameter of
~ 2.5pum.

PMT

P3/2 —

Py s,
“\(S)rdfﬁ\o ‘
)(”7/,?)’ — —
393nm _ \ Dsp
397nm —
-_— D3p
QWP HALO1 __
T J—

(854 nm)

(a) (b)

Figure 3.1.: (a) Experimental setup for generating 393 nm photons. PMT stands for pho-
tomultiplier tube, QWP for quarter-wave plate and PBS for polarizing beam splitter. (b)
Level scheme with the transitions adressed by laser light (double arrows) for 393 nm pho-
ton generation (wavy arrow). For further details see text.

The generated 393 nm photons are collected parallel to the magnetic field from HALO1
and HALO 2, coupled to multi-mode fibers (MM fiber) and sent to photomultiplier tubes
(PMT). The position of HALO 1 with respect to the ion is optimized to have the focus at
854 nm wavelength at the position of the ion. The collection of 397 nm fluorescence photons
from the Py, to Sy, transition with HALO 1 is maintained by an array of lenses which are
built up behind HALO 1 and the dichroic mirror which is used to transmit the 854 nm light
while reflecting 397 nm and 393 nm light. A detailed description of this experimental setup
is found in [27].

Since we aim to collect 393 nm photons with highest efficiency we have to built up a
stack of lenses (f = —100mm, f = 200 mm) behind HALO 1 that compensate for the effec-
tive focal length difference between 397 nm and 393 nm and which optimizes the coupling
of the 393 nm photons to the multi-mode fiber. The stack is built on a magnetic flip mount,
enabling easy switching between efficient collection of 393 nm or 397 nm photons. The po-
sition of HALO 2 is optimized to collect 397 nm photons, which necessitate again the setup
of a compensation-lens stack (f = —75mm, f = 100 mm) for the coupling of the 393 nm
photons to the multi-mode fiber. For polarization sensitive measurements, the 393 nm pho-
tons collected by HALO 2 can optionally be projected to a linear polarization by inserting
a quarter-wave plate (QWP) followed by a polarizing beam splitter (PBS).
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3. Controlled generation of single photons at 393 nm and 854 nm

3.1.2. 393 nm photons in a mixed quantum state
Experimental sequence

The experimental sequence is illustrated in Fig. 3.2 and begins with Doppler cooling lasting
typically between t.,. = 0.6 — 1 s with the 397 nm and 866 nm laser. During the "cool-
ing" period the 854 nm pump beam transfers any remaining population out of the D5/,
level which is left from the previous sequence cycle. The cooling period is followed by a
"state preparation” period within which the population is pumped to the D5/, level with
an 850 nm laser through a three-photon excitation explained in detail in Sec. 3.2.2. Through
a coupling of three lasers with different polarizations we expect the population to be dis-
tributed in the six D5/, Zeeman substates. In order to achieve a high-rate single-photon
source, we optimize the overall sequence length by searching for an optimum state prepa-
ration time. We find a value of 2.25us with the consequence that we pump only 75 % of
the total population to the D5/, level. Between state preparation and "photon generation"
there is a fixed waiting period of ty.it = 1ps, to ensure that all acousto-optic modulators
(AOMs) are completely switched off before the 854 nm AOM pulse for photon generation
starts. During the photon generation, the PMT is gated, i.e. we detect the single photon
events only during this time. The 854nm pump laser has a polarization which excites a
combination of 7t and ¢+ transitions between the Ds  to P35 levels. This leads to a multi-
tude of P53/, to Sy /5 transitions (cf. Fig. 2.7) and thus to photons in a mixed quantum state
regarding polarization and frequency.

Cooling 'State preparation! Photon generation
397 nm ]
866 nm —
850 nm [
PMT gate ——

Figure 3.2.: Experimental sequence for generating 393nm photons in a mixed quantum
state with the 854 nm pump beam.

Single-photon arrival-time distributions

The 393 nm photons are collected with both HALOs and detected with the two PMTs gated
during the photon-generation period. The PMT signals are fed into the counting mod-
ule PicoHarp together with the sequence trigger pulses which correspond to the onset of
the 854 nm laser for photon generation. The time tagged photon clicks and trigger pulses
from the pulse sequencer HYDRA are finally evaluated for their time correlation. Its in-
tuitive meaning is that of Fig. 3.3(a) which shows such a correlation measurement in an
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3.1. Single 393 nm photons as heralds for quantum memories

arrival-time histogram! of generated 393nm photons for different 854 nm laser powers.
The events are sorted in time bins of 10 ns. The temporal length 7, defined as the 1 arrival
time in the photonic wave packet is obtained from the exponential fit. It is controlled by the
power of the 854 nm laser beam and ranges from 7, = 0.325(3) ps for Pgs4 = 7uW up to
Tpoh = 2.23(1) ps for Pgsq = 0.875 uW of power. The period lengths of the photon generation
is adapted to the laser power and varies between 4 — 14 ps such that the D5/, population
is completely pumped out. Consequently we work with different repetition rates for the
different photon lengths, ranging from vyep, = 56 kHz — 127 kHz. With the fastest repetition
rate of 230 KHz for tstate prep. = 1.95 18, tcool. = 60018, tyait = 1 s and fppot. gen. = 800 S, we
achieve a rate of multi-mode fiber coupled photons of 7.4(3) - 103 s~!. Fig. 3.3 (b) shows the
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Figure 3.3.: (a) Arrival-time distribution of 393 nm photons for different values of 854 nm
laser power. The arrival times 7., determined by an exponential fit (solid lines) to the
data are 7, = {0.325(3),0.596(3),1.08(1),2.23(1)} ps, from the shortest (black diamonds)
to the longest (green dots) wave packet. The measurement time for each wave packet
is 5 min with a bin size of 10ns. The repetition rates, from short to long photons are
Vrep = {127,113,92,56} kHz. (b) The inverse photon duration clearly shows the linear
dependance with the 854 nm laser power.

dependance of the 393 nm photon rate, Rp_,s = Ti—h, on the 854 nm laser power which is lin-
early proportional to the intensity. This result was also found for the generation of 397 nm
Raman photons by weak excitation at 866 nm shown in [63]. According to Eq. (2.44), we
expect that the rate Rp_,s increases linearly with higher 854 nm power, i.e. Rabi frequencies
if Ogsy < rp3/2.

There are two possibilities to check that this condition is fulfilled. We can either use
Eq. (2.40) and determine the Rabi frequency at the ion for different 854 nm intensities that
we calculate from different 854 nm laser powers focused to a focal-spot size of 125 pum.

IThe derivation for estimating the probability for single photon clicks in a certain time bin is given in
App. A2.
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3. Controlled generation of single photons at 393 nm and 854 nm

Besides we can calculate the Rabi frequency from the rate Rp_,s with the measured values
shown in Fig. 3.3(b) for a certain detuning A. With the latter method we see for a laser
power of 7uW that the Rabi frequency (for A = 0) is g5y = 277 - 3.55 MHz such that the
condition Qgs4 < T'p,, is fulfilled. Calculating the Rabi frequency with the laser power
and expected focus at the ion results in Qgs4 = 277 - 18.9 MHz such that only Ogsy < I'p,,
is fulfilled.

The difference between the two values are explained by the following: at a later stage in
the experiment it became apparent, that the alignment of the fiber couplers and the mir-
rors for guiding the light to the ion can change over days due to a certain settling of the
mechanical components in combination with temperature fluctuations so that the inten-
sity at the ion is drastically reduced and thereby the values for the Rabi frequencies. By
performing 854 nm spectroscopy presented in Sec. 5.3 we obtain precise values for the true
Rabi frequency at the ion. These measurements revealed that the difference of the true Rabi
frequency to the expected one from intensity calculations can easily differ by more than a
factor of two due to misalignment. A minor contribution to the discrepancy comes from
the 854 nm frequency detuning from the atomic resonance. It is determined in continuous
mode with the 397 nm, 850 nm and a weak 854 nm laser, through changing the 854 nm de-
tuning as long as the value for the highest combined 397 nm and 393 nm fluorescence rate
is found. This condition is not necessarily identical to the real detuning of the 854 nm laser
frequency from the atomic transition frequency due to two-photon resonance conditions
between the 850 nm and 854 nm laser.

For higher 854 nm laser intensities ({2 > I'), the population in P53/, level increases and
goes for the case of saturated occupation to the limit of 50 % which leads to the highest
possible rate of Rp_,s = 0.5 - Azg3 = 67.5 ps—! according to Eq. (2.43). The photonic wave
packet then has a minimum duration of

1
Tph,min = Roos = 14.8ns. (3.1)
This regime can be viewed as a transient between the weak excitation regime (2 < I)
explained in Sec. 2.5.1 and the strong excitation regime such that () > T, in which we see
a Rabi-oscillation structure in the generated photon wave packet, shown in Sec. 3.1.3.

Analysis of antibunching

To proof that the 393 nm photons have a true single-photon character without multi-photon
contributions we additionally perform a second-order correlation (¢(?)) function measure-
ment known from Hanburry Brown and Twiss [103]. In a typical setup, the photons are
sent to a non-polarizing beam splitter which splits with equal probability the photons to
two different outputs. At each output one detector measures the incoming photons. The
photon clicks from both detectors are used to create a histogram of coincidences as a func-
tion of the time delay between consecutive clicks at the detectors, known as second-order
correlation function.
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3.1. Single 393 nm photons as heralds for quantum memories

In contrast to the setup described above, we use the ion as a beam splitter where photons
are generated and split in two directions by the collection from two sides with the HALOs.
For the photon generation, we use the experimental sequence shown in Fig. 3.2. With an
854 nm power of 6 ptW that we send through the HALO we generate short 393 nm photons
with a I arrival time of 14.8(7) ns. The photons are detected with two PMTs within a gate
time of 800 ns and their arrival times are correlated, shown in Fig. 3.4(a). With a repetition
rate of 206 kHz we see clear coincidences for time delays which correspond to the sequence
period. The cleanness of the single-photon source is characterized by the number of coinci-
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Figure 3.4.: Second-order correlation function of detected 393 nm photons collected with
both HALO:s for a total acquisition time of 6 min and a repetition rate of 206 kHz. (a) Coin-
cidences are observable in the peaks as the inverse of the repetition rate. (b) Magnification
of the central peak at zero time delay. (c) Magnification of the first peak at 4.856 ps together
with a double-sided exponential fit (red line). The bin size is 40 ns for (a) and (b), and 2ns
for (c).

dences for zero time delay which are shown in Fig. 3.4(b) and which ideally should be zero.
From the experimental sequence in Fig. 3.2, the probability that more than one photon is
generated during one experimental cycle seems to be excluded, since after the detection of
a 393nm photon in the photon generation phase, the ion is projected to the S;,, ground
state. The only way the ion could be re-excited in the photon generation phase is due to a
leakage of light through the AOMSs, which are not completely switched off. As it is seen in
Fig. 3.4(b) we have 12 coincidences in the central peak, which we compare to the number
of coincidences in the one of the side peaks for calculating the two-photon to single photon
generation probability. By summing over all events in the first peak at tg = 4.856 s (see
Fig. 3.4(c)) we obtain 785 coincidences within 6 min of acquisition. Together with the dark
count rates for the two detectors (13s~! and 18s~!) we calculate the two-photon to single
photon generation probability as 0.33(15) %. This number indicates that we generate anti-
bunched single photons while multi-photon processes are suppressed. This allows us to
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3. Controlled generation of single photons at 393 nm and 854 nm

calculate detection efficiencies of the photons from the ion to the PMT by treating the ion as
a single photon source, i.e. in every sequence cycle, one photon is emitted. In Fig. 3.2(c) we
show a magnification of the first peak at ty) = 4.856 ps to analyze the temporal shape of the
peak. Since the second order correlation function is an intensity autocorrelation function,
we expect to see the autocorrelation between two exponential functions with the same de-
cay constant T, which gives a two sided exponential function as e~|="1. We fit the function
(red line) to the data and obtain the exponential decay time of T = 15.2(6) ns. This number
is in agreement to the arrival time of 14.8(7) ns that we determined from the arrival-time
histogram measured before the correlation-function measurement. For the high 854nm
power of 6 pW that we use for the generation of photons in both experiments we expect
from calculations of the intensity at the ion to see Rabi oscillations in the temporal shape of
the photon wave packet (since ()gs4 > I'). Therefore we analyze the temporal shapes in the
arrival-time histogram and in the second-order correlation measurement again for a higher
temporal resolution, i.e. we choose a time binning of 0.4 ns which should be sufficient to
resolve any coherent dynamics. However, any oscillations are hardly visible in the photon
wave packet which means that the intensity is not that high as we expect it. Indeed we
discovered later that due to daily work and operations around the ion trap table, the very
sensitive coupling of the light field through the HALO to the ion is easily distorted. We
reasoned that a day-to-day realignment of the mirror before the HALO became necessary
for best coupling.

3.1.3. 393 nm photons in a pure quantum state

For the generated photons presented so far the ion was prepared in the D5/, level only
through optical pumping by the 850 nm laser, resulting in a statistical mixture of the Zee-
man substates in the D5/, level. During the photon generation period, the 854 nm pump
beam excited this population to P53/, in a multitude of possible absorption channels, and
the population decayed in different emission channels to the S, /, level. This leads to pho-
tons in a mixed polarization and frequency state. We avoid the mixed states by optically
pumping the population into one of the outermost Zeeman substates in the D5, level with
the 854 nm pump beam from 45° relative to the quantization axis. Now the polarization of
this beam is adjusted by inserting a PBS with a half-wave plate (HWP) and quarter-wave
plate (QWP) to excite a superposition of ¢ and 7t transitions but no ¢~ transition. This
combination transfers the population to |Ds,5, m; = +3). By the rotation of the 854nm
pump-laser wave plates, we are also able to adjust the polarization to ¢~ and 7© which
allows us to pump the population to |Ds/p, m; = —3).

We find out the proper polarizations in cw excitation condition, i.e. with the 397 nm,
866 nm, 850 nm and 854 nm pump laser switched on, by observing the steady-state fluores-
cence trace at 397 nm. We change the polarization of the 854 nm pump laser by a rotation of
the HWP and QWP until we find two sharp minimum in the 397 nm fluorescence, namely
at QWP = 155.5° and QWP = 245.5° for the same HWP angle. In both cases we either
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3.1. Single 393 nm photons as heralds for quantum memories

pump to |Dsjp,mj = +3) or to |Ds/p, m;j = —3). The clear assignment of the wave-plate
angles to a specific Zeeman substate was done at a later time for the same experimental
configuration with the help of the 729 nm laser, enabling the readout of the Zeeman sub-
states. After this measurement we assign QWP = 155.5° to a pumping in |Ds/p, m; = —3)
and QWP = 245.5° to a pumping in [Ds, mj = +3).

Experimental sequence

According to the sequence in Fig. 3.5 we see that the 397 nm, 866 nm and 850 nm lasers are
used in the sequence in the same way as for photons in a mixed state. In contrast to the
procedure so far, we pump with the 854 nm pump beam during the state preparation the
population to |Ds 5, m; = j:%> with a state preparation efficiency close to one by extending
the state preparation time to 100 ps. For photon generation we now use the 854 nm beam
as the trigger.

Cooling 'State preparation! Photon generation
397 nm ]
866 nm 1
850 nm e ———
PMT gate I

Figure 3.5.: Experimental sequence for generating 393 nm photons in a pure quantum state.
The 854 nm pump beam now prepares the state |Ds /5, m; = j:%> while the 854 nm beam is
used for photon generation (cf. Fig. 3.1(a)).

With the QWP (854 nm) the polarization of the 854 nm beam is varied between |R) and
|L) (and polarizations in between). Thus it is possible to generate photons by an excitation
from |Ds/p, mj = +3) via [P35, mj = +3) to the |Sy o, m; = +3%) ground state. The only
possible 393 nm decay channel leads to a generation of |c") photons which are in a pure
quantum state with respect to polarization and frequency. Alternatively, we generate pure
|0™) photons via |P3/p,m; = —3) to [S1/2,m; = —31). Note that due to the branching
fraction from Pj3,,, the probability that the ion decays from Pj3,, back to D5/, is 5.87 %.
Through the decay to another Zeeman substate in D5/, the ion can be subsequently re-
excited by the 854nm laser leading to other polarization and frequency components in
the emitted photon. This is, however, only the case for excitation with laser light. Since
the long-term objective is the entanglement transfer of heralded 854 nm photons from the
SPDC source [46], this effect vanishes through the absorption of single photons, where
re-excitation is not possible since no second photon is available.
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393 nm photons in a pure polarization state

Fig. 3.6(a) displays the depopulation rate - as the inverse of the arrival time 7, which

is plotted for different QWP (854 nm) angles For each polarlzatlon we take an arrival-
time histogram of the scattered 393 nm photons and determine the ! arrival time. Before
photon generation, we choose the settings of the 854 nm pump beam such that we pump
the population to [Ds,, mj = —3).

The clean preparation of this single Zeeman substate is shown by changing the polariza-
tion of the 854 nm beam with the rotation of the QWP (854 nm). Since the 854 nm laser is
sent in on quantization axis, we depopulate | D5/, m; = — 2) with right-circularly polarized
light |R) (corresponding to a |¢) transition) at a QWP (854 nm) angle of 45°. In contrast,
for the angle at 135°, the left circularly polarized light |L) (corresponding to a |c~) transi-
tion) can not be absorbed anymore. The sinusoidal fit to the data yields a visibility close
to unity and confirms that the population is pumped into the outermost Zeeman substate

|Ds 2, mj = —%> In Fig. 3.6(b) the polarization of the emitted 393 nm photons is verified
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Figure 3.6.: (a) Depopulation rate Rp_,s = % of the population in D5/, showing a si-

nusoidal behavior under variation of the angle of QWP (854nm). (b) Number of detec-
tion events within the emitted 393 nm photonic wave packets for a measurement time
of 1min with a repetition rate of 9.75kHz. For two different initial Zeeman substates
|Ds /0, m; = —3) (red data) and |Ds,,, mj = +3) (blue data) the QWP (393nm) angle is
changed. The error bars are smaller than the size of the symbols.

by measuring the number of photon detection events within the photonic wave packet
for different QWP (393 nm) angles in combination with a PBS (see Fig. 3.1) that both are
placed behind HALO 2. For the first set of measured arrival-time distributions (red data in
Fig. 3.6(b)) we pump into |Ds/,, m; = —%> and set the QWP (854 nm) angle to 45°. Thus we
generate |L) (|~ )) 393 nm photons which are transformed to a linear polarization with the
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QWP (393nm). Depending on the angle of the QWP (393 nm) the photons are transmitted
or reflected by the PBS. Analogously, we perform the measurement with optical pumping
to |Ds/o,m; = +3). With the QWP (854nm) angle at 135° we now generate 393nm |R)
(lo*)) photons which are transformed to a linear polarization as shown with the blue data.
From the fit, we infer a visibility of 95(8) % (red curve) and 85(10) % (blue curve), respec-
tively. The reduced visibility in both cases is mainly attributed to the QWP (393 nm) which
is designed for 397 nm. This also explains the deviations of the blue data points from the
fitted curve. A minor contribution to the reduction in visibility might be the introduced
ellipticity through the mirror behind HALO 2, which would affect a reduction in visibil-
ity, too. Nevertheless, the high values for the visibility confirm the high degree of circular
polarization of the emitted photons.

393 nm photon with Rabi oscillations

Finally we want to see Rabi oscillations in the arrival-time distribution of the emitted pho-
tons. Since we need a high 854 nm intensity at the ion we first realigned the position of
HALO 1 with respect to the ion. In order to achieve the highest absorption strength on the
Ds /5 to P35 transition it is favorable to prepare the ion in one of the outermost Zeeman sub-
states | D5/, m; = j:%) From there the 854 nm transition offers the highest Clebsch-Gordan
coefficients (see Fig. 2.7). We decide to prepare |Ds /o, m; = —2) by setting the waveplate
accordingly and set the QWP (854 nm) to 45° to absorb |¢") photons. For the 393 nm pho-
ton generation we use the sequence from Fig. 3.5 with a repetition rate of 9.75kHz. For a
total measurement time of 320s and for a 854 nm laser power of 3.1 uW sent through the
HALO, we record the arrival-time histogram which is presented in Fig. 3.7. The envelope
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Figure 3.7.: Arrival time distribution of a 393 nm photon for strong 854 nm laser excitation
Qgs4 > I'p,,, where Rabi oscillations becomes visible. The total measurement time is 320s
with a repetition rate of 9.75 kHz. The bin size is 0.4 ns.

of the photon has a 2 decay time of ~ 14 ns and is modulated with Rabi oscillations with a
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period of ~ 5ns. The visibility of the modulation is low and the modulation period is not
constant over the wave packet. Simulations with the Bloch equation program confirm the
low visibility if the population is not completely pumped to the outermost Zeeman sub-
level such that population is also in |Ds/p, m; = —3). Perfect optical pumping has a sharp
condition, i.e. finding the proper polarization with the waveplate rotation is extremely
sensitive to any changes of the rotation mount (< 0.5°). When rotating the mount to the
proper angle which was necessary before the measurement, there was probably a slight
deviation from the angle left that caused the optimum polarization to change such that
perfect pumping to the outermost Zeeman substate alone is not possible anymore. Once
the population is distributed over more than one Zeeman substate it is transferred via dif-
ferent channels to S; /». These channels have different oscillator strength which means that
the Rabi frequencies are different. Together with a non perfect ¢ polarized 854 nm pho-
ton which is absorbed we obtain a mixture of Rabi frequencies explaining the modulation
whose frequency is not constant over the wave packet.

Single-photon detection efficiencies

The evaluation of detection efficiencies is done by summing over all detection events
within the measured wave packet and divide the number by the total amount of repe-
titions for a certain acquisition time, as given in Eq. (2.52). The detection efficiencies of
393 nm photons in a mixed polarization state are 5.03(3) %o.for HALO1 and 7.90(4) %o.for
HALO 2. Together with the PMT detection efficiency of 28 % and the HALO collection ef-
ficiency of 4.17 % we calculate the corresponding multi-mode coupling efficiency of 43 %
and 67 %, respectively.

For comparing to the overall detection efficiency between photons in a mixed and pure
quantum state we collect photons from both HALOs to the same time. For the mixed quan-
tum state the measurement yields a detection efficiency of 7 = 1.241(6) %. This situation
changes if we pump the population into one of the two outermost Zeeman substates. Then
we generate photons in a nearly pure quantum state which are ¢ polarized. The detection
efficiency we calculate from both HALOs is enhanced to 17, = 1.71(3) %. The ratio between
these two values is

<’7> = 0.72(1). (3.2)
No exp
It is explained by calculating the amount of light which is collected by the two HALOs (see
Fig. 3.1(a)) along the quantization axis, presented in the following. The emission probabil-
ity of o and 7 light from Eq. (2.72) and (2.73) is

dP,; o sin?(8;) dQ (3.3)
dP; o (14 cos?(6)) dQ (3.4)

with the solid angle d() which is covered by each HALO. As the focus of HALO 2 is aligned
to the ion for an efficient collection of 397 nm photons, the light cone of the HALO is well

52



3.1. Single 393 nm photons as heralds for quantum memories

determined with a half opening angle of & = 23.6° corresponding to a total collection
efficiency of 4.17 % and is fully described by

27 23.6°
0= / / sin 6 A6y dgy. (3.5)
0o Jo
Integrating over the opening angle leads to
2 23.6°
Pr / / Sil’l2(9k) Sil’l(ek) dOy d¢py = 8?7[ -0.51 %, (3.6)
o Jo
21 23.6°
P, o</ / 1(1 + cos?(6;)) sin(6;) dfy dey = 5% - 6% (3.7)
0 0

which shows that HALO 2 collects 0.51 % of the 7t light which is emitted predominantly
perpendicular to the quantization axis. The amount of ¢ light is 6 %.

The focus of HALO1 is aligned for a wavelength of 854 nm which means that the back
focal length, given as the distance from the closest lens to the ion is fi¢gs4 ~ 15mm (as
it is given for 866 nm in [27]). Due to normal dispersion the focus for 393 nm lies now
between the HALO and the position of the ion, i.e. at the back focal length for 397 nm of
fbf393 ~ 13.7 mm. With the diameter d of the light at the closest lens, we can formulate the
opening angle 6 for 393 nm

d/2
fot,393
which should be 23.6°. If we assume that d is the same when collecting 393 nm light for a
position of HALO 1 with fi¢g54 we can calculate the new opening angle as

sin f393 = (3.8)

sin B9, = Jot393 G g.0s (3.9)

Jot854

resulting in a slightly smaller value of 6%y, = 21.3°. We can repeat the calculations from
Eq. (3.6) and Eq. (3.7) and obtain the new collection efficiencies? of P, = 87” -0.34% and
P, = 87 .4.95%. Assuming an equal population distribution in all Zeeman substates in
D5/, and through 854 nm excitation the equal distribution in P3 /,, the probability to scatter
o photons (i.e. on Am # 0 transitions) is 2 whereas the probability for 7t photons (i.e. on
Am = 0 transitions) is % (see Fig. 2.7). Thus the theoretical value for the ratio between the
mixture and the clean polarization for a collection with both HALOs is

( 7 ) ~ 10.95%- 5 +0.84%- 3
Mo ) heo 10.95 %
This value is very close to the measured ratio in Eq. (3.2). We see that the detection effi-

ciency is higher for photons with pure ¢ polarization instead of a mixture of ¢ and 7t pho-
tons. The remaining deviation is explained by the fact that the population in D5/, is not

= 0.693. (3.10)

ZNote that these calculations are done for the collection of 7t and ¢ light which is coupled into a multi-mode
fiber. For single-mode fiber coupling, 7w photons are not coupled if they are collected along the quantization
axis. This effect is discussed in more detail in Sec. 3.2.3
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3. Controlled generation of single photons at 393 nm and 854 nm

equally distributed between the six Zeeman substates. With the 18-level Bloch-equation
program we see that the population distribution in D5/, is not equal if we use typical val-
ues of polarization and detunings of the involved lasers, i.e. 397 nm, 866 nm and 850 nm.
Due to the enhanced detection efficiency with two HALOs of 17, = 1.71(3) % and a repe-
tition rate of 9.36 kHz, we have a rate of multi-mode fiber coupled photons of 571(23) s~*
which is more than with ion-based cavity experiments, e.g. 95 s~ ! in [51].

3.1.4. Frequency spectrum of 393 nm photons

Protocols for converting quantum information from an atomic state into a photonic state
and vice versa need the states of the photons to be pure, i.e. the photons should ideally
carry single polarizations and frequencies. For the description of the frequency spectrum of
single photons one has to keep in mind that the temporal shape of the photon is described
as a wave packet through repeated measurements which has a temporal width determined
by the % arrival time. If the photon is fully coherent according to its temporal and spectral
properties, than the envelope function of the wave packet is said to be Fourier-limited.
The latter means that the spectral shape and width of the photonic wave packet is the
Fourier transform of the temporal shape. The universal time-bandwidth product known
from signal theory is expressed by the following inequality [104]

At-Aw > 1. (3.11)

The minimum value of 0.5 is only reached if the envelope function has a Gaussian pulse
shape and the product is calculated by the temporal and spectral standard deviations At
and Aw.

For single photons the derivation of the (Fourier-limited) time-bandwidth product is
more challenging, since the full description of single photons needs the quantization of
the electromagnetic field represented by quantum states of light known as the number (or
Fock) states |#) [105]. In this representation the expectation value of the electric field gives
(n|E|n) = 0 which can not be explained classically. It means that any phase in the electric
field amplitude is undefined, whereas phase changes within single-photon wave packets
can have observable effects [106]. However, the expectation value of (n|E?|n) # 0 shows
that the electric field intensity is defined, corresponding to the measured quantity in the
experiment.

In contrast to the quantized description of the photon we can assign the temporal in-
tensity distribution I(t) o |E(t)|? i.e. the single-photon wave packet, to the temporal
probability distribution p(t) of the photon that we measure as the photon arrival-time dis-
tribution. The probability distribution is normalized as [*_p(t)dt = 1 and follows as the
intensity distribution an exponential decay

p(t) = Le - 0(1). (3.12)
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It allows us to formulate the electric field as the square root of p(t) (in corresponding units)
as

E(t) = %e—é LO(t) - €0, (3.13)

where O(t) is the Heaviside function and ¢(t) = ¢o + wot is the phase of the electric field
with the carrier frequency wy, assuming that nonlinear phase changes are not present. We

note that 7 is the % decay time of the intensity wave packet for a photon which is Fourier-
limited. The frequency spectrum is given by the Fourier-transform of E(t) as

FT(E(t) = / " e () dt (3.14)

—00

which is separated by the inverse of the convolution theorem to

</ %e’i“”e’% -@(t)dt*/ ei“’tei“’otdt> (3.15)
1 2T

frg €1¢0
—olo [ — ="
27t 2iwTt + 1

* 2718 (w — w0)> . (3.16)

After the convolution we obtain

1
i(w—wy)T+1

E(w) = ei¢047'£\/?2 (3.17)

From Eq. (3.17) we see that the assumption of a linear phase variation ¢(t) in the temporal
domain only leads to a shift of the carrier frequency but not to any spectral broadening in
the electric field amplitude. The spectral intensity distribution I(w) o |E(w)]|? is assigned
to the spectral probability distribution p(w) and with the normalization [*_p(w)dw = 1

we obtain
2T 1
=" 1
p(w) m A(w—wp)?t2+1 (3-18)

which has a Lorentzian shape. From the arrival-time distributions we determine the 1
decay times which gives At;,, = T for the Fourier limited case. The spectral component
of interest is the full width at half maximum of the Lorentzian which is Awpwam = %
Thus the Fourier-limit condition for our pulse shapes, i.e. the minimal product between
the decay time of the photonic wave packet At;,, = T and the full width at half maximum

of the Lorentzian shaped frequency spectrum Awrwhim = 7ph reads
T Yph = L. (3.19)

Next, we have to analyze how the branching ratio in P3 , affects this time-bandwidth prod-
uct.
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Time-bandwidth product of single 393 nm photons

The decoherence process during scattering is the decay back into various Ds,, Zeeman
substates from which partial quantum information on the atom-photon system is lost. The
generation of 393 nm photons, i.e. the decay from P3,; to S/, is accompanied by the decay
from P3/, to D3/, which we neglect since the branching fraction is only 6.6 - 1073. The
total amount of incoherence is then given by the probability for a parasitic decay from
P3,, back to D5/, upon a decay from P53/, to S;/,, i.e. by the mean number of scattered
854 nm photons figs4 for an excitation attempt, which is given by the ratio of the Einstein
coefficients

A
figsa = ﬁ = 0.0628. (3.20)

As explained in detail in the Ph.D. thesis of C. Kurz [107] the amount of incoherence of
6.28 % limits the time-bandwidth product to

Toh - Yph = 1.0628, (3.21)

where T, = T(figs4 + 1). It is important to note, that Ty, is the 1 decay time which we have
determined from the wave packets shown in Fig. 3.3. We see that the small amount of
incoherence introduces a temporal retardation in the 393 nm photon emission probability
due to unwanted (parasitic) photon emissions at 854nm. Equation (3.21) shows that the
generated 393 nm photons are close to the Fourier limit given in Eq. (3.19). Furthermore
it highlights that we are able to fully taylor the spectral and temporal shape as well as the
frequency of the photons by the detuning and Rabi frequency of the 854 nm laser. Taking
Eq. (3.21) we calculate the spectral width of the emitted photons presented in Fig. 3.3 as

1.0628
Avgy = =020
Yoh = 5T

= {520...76} kHz for Ty, = {0.33..2.23}pss. (3.22)
ph

From Eq. (3.22) we see that the spectral widths of the photons are small compared to the
atomic transition linewidth. This imposes a high resolution, i.e. a narrow linewidth of
less than 1 MHZz to the analysis cavity. Alternatively, the temporal width of the photons is
further reduced through stronger 854 nm laser excitation leading to photons with a broader
linewidth.

An important notice to mention is that these values are the spectral widths of the indi-
vidual photons which are scattered via a single Zeeman substate in Pz, to a single Zeeman
substate in S1 ;. In order to get the full spectrum, one would have to take the various fre-
quency components into account, corresponding to all involved Zeeman transitions from
P3 /2 to Sl /2
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3.2. Single 854 nm photons for quantum networks

In the context of the realization of a quantum network between distant single ions or as
a prerequisite, the photonic interaction between them, the absorption process has to be
investigated with single 854 nm photons that are generated by a single trapped ion. Beside
the interconnection of two distant single ions, a future goal is the networking of different
quantum systems, e.g. the connections of ions with solid-state based systems. Therefore
the different transition frequencies have to be bridged by quantum frequency conversion
[108] which was already shown by the conversion from visible photons from quantum dots
to the low-loss telecom wavelength for long distance networks. Due to ongoing work for
a quantum frequency conversion at 854 nm [109], the opportunity arises to generate single
854 nm photons with the ion, that are converted to the telecom wavelength opening the
way for long range interactions in hybrid quantum systems.

For both experimental scenarios we first have to show the controlled emission of single
854 nm photons from a single ion. Thereto we explain in the following the generation of
854nm photons in a three-photon resonance excitation which leads to a higher transfer
rate of the population from the S;,, to the D5/, level compared to the optical pumping
case. We show that we control the temporal shape of the photons by the power of the
850nm laser. In the last part of the chapter we discuss the influence of the P;/, and P3/,
branching fractions to the time-bandwidth product of the 854 nm photons which are far
away from being at the Fourier limit.

3.2.1. Experimental sequence

The experimental setup, shown in Fig. 3.8(a), is similar to the case for 393 nm photons, ex-
cept that now 854 nm photons are efficiently collected by HALO 1 which is optimized for
this wavelength, and coupled into a 2 m long single-mode fiber (SM fiber) which is con-
nected with an avalanche photodiode (APD). Figure 3.8(b) shows the relevant transitions
in the level scheme and the laser excitation scheme is illustrated in Fig. 3.8(c). For trig-
gered generation of single 854 nm photons, the sequence starts with Doppler cooling for 1
ps using laser light at 397 and 866 nm. Subsequently, a third laser at 850 nm wavelength
couples the D3, to the P3/; level, thereby optically pumping the ion to the D5, level and
triggering the emission of a single 854 nm photon. Depending on the temporal length of
the photon, the photon-generation period varies between 5 ps and 30 ps. In order to reach
generation periods as short as 5 us we have to optimize the excitation process from S; /, to
P3,, which is explained in the following section. The beginning of the 850 nm laser pulse is
used as a time stamp for the photon generation. After 1 ps of relaxation phase (not shown
in Fig. 3.8 (c)), an 854 nm laser repumps the ion to the S/, level within 1 s and concludes
the sequence. For continuous generation of 854 nm photons, all four lasers are constantly
switched on.
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Figure 3.8.: (a) Experimental configuration, (b) relevant transitions in the level scheme and
(c) experimental sequence for the generation of 854 nm photons which are collected by
HALO 1 and sent to an avalanche photodiode (APD) via a single-mode fiber (SM fiber).
See text for details.

3.2.2. Three-photon resonance excitation

The photon-generation part in the sequence (Fig. 3.8(c)) demands an optimization of the
three-photon excitation process because of the unfavorable branching ratio of the Py,
level, which has to be taken into account together with the branching ratio of the P3, level.
Both contribute to an incoherent broadening, i.e. stochastical fluctuations in the probability
distribution of the emitted 854 nm photon that prolongate the temporal width of the wave
packet. This makes it important to optimize the photon generation period to reduce the
overall sequence length that leads to a high-rate single-photon source at 854 nm. The way
to improve the excitation probability from S;/; to P53/, is to reduce the population in Py /5,
i.e. the number of scattered 397 nm photons and enhance the population in P5/,. This has
the effect that the scattering rate of 393 nm photons increases and similarly the number
of 854 nm photons. Ideally, the fastest way to pump into the D5/, state would be with a
393 nm laser whose setup is currently integrated in the experiment. The laser is replaced
in this thesis by the combination of the 397 nm, 866 nm and 850 nm lasers, which have to
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couple coherently.

Optical pumping excitation

We analyze the influence of the Py, level for the excitation from S; /, to P3,, by comparing
the photon scattering rates Rzgy and Rzg3 for pure optical pumping. This means that the
866 nm laser is switched off during the excitation from S;/, to P3/,. Here we treat the cw-
excitation condition, i.e. the 854 nm laser is used to prevent optical pumping to D5,,. With
the following rate equations, similar to Sec. 2.5.1 with the Einstein coefficients A and the
pumping rates r we formulate the equations as

ODs,, = —7850 PDs,, + Ases PP, ,, + Ags0 PP, 1 7850 Py, (3.23)
PPy, = 1850 (0Dy,, — PP3/,) + 7854 (PD5), — PPy,,) — (Asos + Asso + Assa) ppy (3.24)
ODs/, = —18540Ds,, + AP;,,—Ds,, OP5,, T+ 7854 OP55- (3.25)

For continuous excitation the steady state situation demands p = 0 for all levels. From this
we can solve Eq. (3.23) and Eq. (3.25) and derive

A +A
raso — 866 0Py, 850 OP; 3 (3.26)

PDs,
A
rg54 = et 7 PP3/2, (3.27)
PDs,

which, inserted into Eq. (3.24), yield

R393 = A393 pP,,, = As66 0P, ,- (3.28)

Together with the rate for 397 nm photons R3g; = Asg7 pp,,, we finally arrive at the ratio
between the two scattering rates for optical pumping of

R303 Asges 6.435 %
= = = 0.0688, 3.29
R3z97  Asgy  93.565% (3:29)

which is close to the branching ratio from Py, to D3 5.

Resonant excitation

In order to improve the ratio given in Eq. (3.29) the three lasers have to couple coherently
in such a way that the population in the intermediate levels, i.e. in P;,, and D3/, is de-
creased. In the following we explain by means of a simple three-level system the principle
of such resonant excitations before we use typical experimental parameters to display the
dynamics in the ion with the Bloch equations. Finally we present the method how to find
the best laser parameters in the experiment.
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In the simple picture, we consider a three-level system between S, ,, P;,, and Dj3,; as
shown in Fig. 3.9(a). If the detuning of the 397 nm laser® is equal to the detuning of the
866 nm laser, i.e. if Azg7 = Aggg, the system decouples from the Py, level while a coherent
superposition state between Sy, and D3/, is generated [75]. The meaning of the decou-
pling becomes clear in Fig. 3.9(b). For a red detuning of the 397 nm laser of Azg7; = —5MHz
we see that the 397 nm fluorescence signal drops at Agss = —5MHz, i.e. the P/, popula-
tion is decreased. Depending on the phase coherence of the two lasers, the population in
P;/, tends to zero for equal detunings such that the coherent superposition state is called a
dark state and the resonance dip is called dark resonance. If we choose both detunings to
use the dark resonance in the three-photon excitation we reduce the temporal length of the
pumping process to the D5, level once we use the 850 nm laser. A shorter pumping time
to D5/, means that the temporal length of the 854 nm photon wave packet is reduced with
the consequence that we can increase the repetition rate of the photon generation sequence.
Ideally the 850 nm laser couples to the 397 nm and 866 nm laser such that the population

P12 =
Asoy { _ _}_Ag(,(, 55/ 0.6
-0 Y
804
866 nm §
5)
397 nm é 0.2
DN
% L L L
S —?00 -50 0 50 100
172  — Detuning 866 nm (MHz)

(a) (b)

Figure 3.9.: (a) Three-level system with two red-detuned lasers at 397nm and 866 nm
wavelength. (b) Simulated 397 nm fluorescence spectrum for different 866 nm detunings.
For equal detunings Azgy = Ages = —5 MHz a dip in the fluorescence signal appears which
is termed dark resonance.

which is coherently distributed between S;,, and D3/, is transferred coherently to P5/;.
From there the ion scatters 393 nm photons while the scattering of 397 nm photons is ide-
ally still suppressed. With the resonance condition the population is transferred faster to
Pz, from which it decays to the D5/, level, enabling short 854 nm photons. Due to the
magnetic field which lifts the degeneracy of the Zeeman sublevels, there are 12 different
states and their individual coupling. Depending on the polarization, different Zeeman
states couple depending on the allowed transition such that we expect to see a manifold of

3The detuning Azg; = w39y — wsp is given by the difference of the laser frequency wsgy and the atomic
transition frequency wsp from Sy /5 to Py /5.
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dark resonances in the spectrum. Accordingly we expect to have more than one resonance
that we can use to excite quickly to the P53/, level.

In order to analyze to resonance condition in more detail we use in the following the
18-level Bloch equations to show the population dynamics for the three-photon case when
using experimental parameters. For this triggered photon generation this means that we
initialize the population in the S, level before we switch on simultaneously the 397 nm,
866 nm and 850 nm laser until the population is completely pumped into the D5, level. In
the experiment we find a high population in P3/, through high scattering rates at 393 nm
by changing iteratively the detunings and intensities of the three lasers, explained in detail
below. With the iterative process we end with the high power values (397 nm: 330 uW,
866 nm: 3 mW, 850 nm: 316 uyW) that we measured before the vacuum chamber and which
are focused to different spot-size diameters. For the simulation we assume the following
detunings, including a common laser detuning of Azo; = Ages = —5MHz and the 850 nm
laser on resonance Agsp = 0 MHz. We show in Fig. 3.10(a) the temporal evolution of the
population for all five levels which are given as the sum over their individual Zeeman
substates.

0.8 0.8 0.8
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£ 0.6 0.6 0.6 1/2
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Figure 3.10.: Temporal evolution of the population in five levels (see legend) with the ini-
tial population in S/, and laser excitation with the 397 nm, 866 nm and 850 nm laser. (a)
for the experimental parameters, (b) for a lower 850 nm power, (c) for a different 850 nm
polarization. The initial population of S;,, (see blue line) actually starts from 1 which is
completely transferred to D5/, (see purple line). For a better overview the population is
plotted only to 0.8.

Since the 397 nm and 866 nm laser power is high, we observe fast dynamics in Sy /, (blue
line) and D3/, (red line) after the onset of the laser fields. These are Rabi oscillations that
quickly relax into a steady-state from which the population decays without modulation
into the D5/, level (purple line). For these conditions we see that the population in P3/,
(light-blue line) is higher than the one in P;,, (green line). With these conditions we are
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able to generate the fastest 854 nm photons, i.e. the population transfer to the D5/, level is
completed within 5us. In Fig. 3.10(b) we observe the dynamics for a lower 850 nm laser
power (~ 110 uW). The decrease of the population ratio between P3,, and P /; is reflected
in a lower rate with which population is pumped to D5/, and thus the temporal shape of
the 854 nm photon is extended. To see the influence of different polarizations we display in
Fig. 3.10(c) the population dynamics for the same parameters as used in (a) except that the
850 nm polarization is changed from horizontal to vertical. The change causes a different
coupling of the 850 nm laser to the dark resonances between S;,, and D3/, resulting in
a lower population transfer out of S;,, and thus a slower excitation into P3,, and Ds 5,
respectively.

We now analyze the dependance of the ratio between the average number of scattered
393nm photons (N3zg3) to the average number of 397 nm photons (Nz97) as a function of
the 866 nm detuning. Therefore we take the values for the simulation in Fig. 3.10(a) and
calculate the average number of scattered photons by integrating the population in P/,
and P/, for a total decay time T of the population to the D5/, level as

T
N3o3 :/0 Aso3 pp, , (1) dt, (3.30)

T
Nzgy :/0 Asg7 pp, , (t) dt. (3.31)

Fig. 3.11 shows the ratio between the two values for different 866 nm detunings. With
the parameters from Fig. 3.10(a), i.e. a 397 nm detuning of -5MHz and 850 nm power of
316 pW (blue line) we find the maximum ratio for a 866 nm detuning of -7 MHz. For these
conditions we see that the ratio between the number of scattered photons is increased to
~ 1.8, compared to the value for pure optical pumping in Eq. (3.29). According to the
polarization of the 397 nm and 866 nm laser we expect 4 dark resonances to appear in the
maximum of Fig. 3.11 but due to the high laser intensities (2 > TI') of the 397 nm and
866 nm lasers, the transition is power broadened and the 4 dark resonances appear as one
resonance. Furthermore the high intensity of the 850 nm laser also contributes to the power
broadening and the shift of the maximum value to -7 MHz. This influence of the 850 nm
laser becomes clear, if we repeat the simulation for a lower 850 nm power of 28 uyW (red
line). We see that the power broadening is strongly reduced and the maximum ratio is at
-5MHz as it should be the case for a dark resonance from S; /, to D3, as shown in Fig. 3.9
for the three-level system.

In the experiment, the increase of the scattering ratio between 393 nm and 397 nm pho-
tons is determined with the following method. In cw-excitation conditions we want to
measure the scattering rates Rao3 and Rszgy for the ideal parameters. The separation of both
wavelengths with the HALOs demands a precise knowledge of all detection efficiencies
which is explained in the following. We take single-photon arrival-time distributions from
which we can determine the single-photon detection efficiencies. For HALO 2 we insert
the compensation lens to increase 393 nm coupling to the fiber and determine two detection
efficiencies. With a single photon sequence for 393 nm we obtain #7393 = 4.31(3) %0. We
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Figure 3.11.: Ratio between the number of 393 nm and 397 nm photons, which are scattered
during excitation as presented in Fig. 3.10(a) for different 866 nm detunings. The 397 nm
detuning is -5 MHz. The 850 nm power is 316 pW (blue) and 28 pW (red).

change to a 397 nm photon sequence [63] and obtain 7397, = 0.30(1) %.. The same proce-
dure is repeated for the HALO 1 side but without compensation lens for good 397 nm cou-
pling. We obtain the detection efficiencies #393wo = 0.63(1) %0 and #7397,wo = 7.40(4) %o. In
cw-excitation conditions we record the PMT count rates C,, and Cy,, i.e. with and without
compensation lens, respectively, with both HALOs. From the measurement we formulate
the following system of linear equations

Cw = 11393,wR393 + 11397,w R397, (3.32)
Cwo = 1393,woR393 + 11397,woR397, (3.33)

which is solved for the two scattering rates

77397,w0Cw - 77397,WCWO
17393,w 17397,wo — 1397,w 1393,wo ’

77393,WCWO - 77393,w0Cw
17393,w 17397,wo — 1397,w 77393,wo'

Rzg3 = (3.34)

R3o7 = (3.35)
We implement Egs. (3.34) and (3.35) in a LabView program to monitor online the improve-
ment of the ratio between the two scattering rates by optimizing the laser parameters,
i.e. detuning and intensity of the 397 nm, 866 nm and 850 nm laser.

With the optimized laser parameters that we found in the experiment and that were used
in the simulation in Fig. 3.10(a) and the blue curve in Fig. 3.11 we measure on HALO 1 side
the count rate Cyo = 98.5(3) - 103s~! and on HALO 2 side C,, = 80.2(3) - 103s~!. This
leads to the scattering rates Rag3 = 17.78(14) - 10°s~! and Rzey = 11.79(8) - 10°s~! and
finally to the ratio

R3g3

o = 15102) (3.36)
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Compared to optical pumping (see Eq. (3.29)) we enhance the pumping process from S; /»
to P3/, by a factor of 22 despite the manifold of Zeeman transitions that complicate the sit-
uation. The value in Eq. (3.36) found for cw-excitation condition is close to the maximum
value of 1.8 in Fig. 3.11 (blue line) for the triggered photon generation. The difference can
be explained by a coupling of the 854 nm laser in cw condition to the three-photon reso-
nance, which slightly decreases the population in P3,, and thus the number of scattered
393 nm photons. The quality of the coherent excitation is also a function of the phase co-
herence between the three lasers. Since the lasers are individually frequency locked to
their corresponding transfer cavities, the ratio given in Eq. (3.36) might be already lim-
ited through the corresponding laser linewidths. A higher ratio would be feasible if, as
explained in Sec. 7.3, the lasers would be phase-locked to a common reference, e.g. the
frequency comb.

With such optimized parameters we reach in cw condition detected photon rates of
854 nm photons up to 4500(67) s~!. With the quantum efficiency of the APD of 5japp =
24(5) %, this corresponds to a single-mode fiber coupled rate of 19(4) - 103s~ 1.

3.2.3. Single-photon arrival-time distributions

In order to characterize the 854 nm single-photon source from the ion, we excite the ion
with the optimized parameters described above, but without the 854nm beam during
the photon generation, to generate triggered single photons in sequence mode, shown in
Fig. 3.8(c). The photons are collected in a single-mode fiber, their arrival times are recorded
and correlated with respect to the onset of the 850 nm laser pulse that triggers the emission.

Fig. 3.12(a) displays the arrival-time distributions, i.e. the shapes of the respective single-
photon wave packets, for power values of the 850 nm laser ranging from 20 uW up to
316 pW. The variation of the 850 nm laser power allows us to control the wave packet dura-
tion 7, between 0.834(2) and 5.89(6) ps. For the shortest measured photons of 7, = 545ns
we could reduce the photon generation period to 5 ps which results in the highest repeti-
tion rate of 125kHz and thus in the highest photon generation rate into a single spatial
(fiber) mode of Rgsy triggered = 3.0(6) - 103s~ L

Fig. 3.12(b) shows the inverse of the photon durations as a function of the 850 nm laser
power together with a numerical solution of the 18-level Bloch equations, which includes
the experimental laser parameters. With the Bloch equations, the sequence from Fig. 3.8(c)
is simulated and the 1 decay time of the population in P3,, during the photon-generation
period is calculated. The inverse of this decay time is plotted for the experimental param-
eters used for Fig. 3.10(a). With a slight variation of the fit parameters (397 nm power and
the 850 nm polarization) we find the simulation in good agreement with the inverse of the
measured photon lengths. From the solid line we see a close to linear behavior for low
850 nm laser power, similar to the weak excitation regime in the case of 393 nm photons
(see Fig. 3.3(b)), which runs asymptotically to a maximum value of 1.41 - 10° s~ for a laser
power of 600 uW. Due to a saturation of the 850 nm transition, we expect the maximum
rate of 854 nm photons in that regime which is explained in Sec. 3.2.4.
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Figure 3.12.: (a) Arrival-time distribution of 854 nm photons for different powers of the
850nm laser. The arrival time T, is determined by an exponential fit to the data (solid
lines) as 7, = {0.834(2),1.181(4),1.891(7),3.22(2),5.89(6) } ps, from the shortest (black
diamonds) to the longest (orange crosses) wave packet. Each curve corresponds to 15 min
of data acquisition at a repetition rate of 55.5kHz (first three curves) or 30 kHz (last two
curves). (b) Inverse wave packet duration % as a function of the 850 nm laser power. The
solid line is calculated by numerically solving the optical Bloch equations using experi-
mental parameters. The fit parameters are the 397 nm power and the 850 nm polarization.

Single-photon detection efficiencies

In cw excitation, the measured rate of 393 nm photons of Rzg3 = 17.78(14) - 100 s~ 1 deter-
mines the rate of scattered 854 nm photons by the relation

Assa 5.87 % 6 1
Rgss = ——Rz93 = ——————R3935 = 1.12(1) - 10 . 3.37
854 = 1 Raos = gaome Raos (1) s (3.37)

The measured countrate of 854 nm photons with the APD of 4100(64) s! corresponds to a

detection efficiency of
1854,cw — 366(7) %0. (338)

For triggered photon excitation, we determine the detection efficiencies similarly as for
393 nm photons (see Sec. 3.1.2). For the same experimental parameters as for the continu-
ous excitation, we find a detection efficiency of

11854 triggered = 503(1) %00. (3.39)

The discrepancy between the two detection efficiencies is explained by the fact that the
854 nm laser with a power of 46 nW, is switched on for the cw excitation. For this 854 nm
power we expect the Rabi frequency of the 854 nm transition to be in a regime where stim-
ulated emission is not completely negligible. This leads to a preferred emission of photons
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3. Controlled generation of single photons at 393 nm and 854 nm

into the direction of the laser. Thus, the detection efficiency value decreases for cw excita-
tion since the laser is sent in from 45° with respect to the HALO axis, while the photons
are collected on HALO axis. We also expect a minor contribution to the difference by the
854 nm laser that changes with its polarization and detuning the population in P53/, such
that in steady state the probability to scatter 7t photons is slightly increased for the cw
excitation condition.

Characterizing the quality of a single ion as a single-photon source with the detection
efficiency of the photons always has the disadvantage that it includes the quantum effi-
ciency 77qe of the detectors, that are quite different depending on the measured wavelength.
A better value to mention when comparing experimental protocols for ion-based quantum
networks is the collection efficiency 7,1 and (single-mode) fiber-coupling efficiency 7.
[110, 46]. The relation between all values is

77854,triggered = Neoll * Nfc - ﬂqe- (340)

With the quantum efficiency of the APD of #7ge = 24(5) %, we obtain a mode-matching
efficiency of single photons into a single-mode fiber of

. 77854,triggered
Tqe

Considering the case that during excitation to P53/, the population is equally distributed,
the collection efficiencies for - and 7r photons are weighted by their decay distribution
and the amount of the dipole emission pattern covered by the HALO to

sm = Necoll " Nfc = 21(4) %. (341)

Heoll = 6%+ 3 +0.51%- 1. (3.42)

Since we use a single-mode fiber, the small amount of 7w photons that are collected by
the HALO and focused to the single-mode fiber interfere destructively at the single-mode
fiber. This is explained if the coupling efficiency, i.e. the overlap integral of the emitted
field mode for 7 light with the Gaussian fiber mode, is calculated. For a collection of 7
light with the HALO along the quantization axis, one finds that the overlap integral is zero
[111]. This is why the mode-matching efficiency (Eq. (3.41)) has to be multiplied with % for
the collection of o-photons to

ném = 6% - g = 3.2(6) %. (3.43)
This finally leads to a single-mode fiber coupling efficiency of single ¢ photons of 7 =
53(1) %.
3.2.4. Frequency spectrum of 854 nm photons

As described in Sec. 3.1.4, the 393 nm photons have a close to Fourier-limit time-bandwidth
product which is in contrast to the photons at 854 nm wavelength. Here the 854 nm pho-
tons suffer, in their temporal and spectral properties, from the preferred decay of the P/,
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3.2. Single 854 nm photons for quantum networks

to Sy, level before the decay from P3,, to D5, takes place and an 854 nm photon is gen-
erated. This causes a significant incoherent contribution to the time-bandwidth product
which shall be discussed in detail in the following.

Incoherent broadening through branching ratio of P3/,

Due to the branching fractions of the P3,, level and the resonant three-photon excitation,
the situation to describe the spectral width of the 854 nm photons is a more complex one
than in the case of 393 nm photons. Ideally, the lasers included in the three-photon excita-
tion process mimic a direct excitation with an 393 nm laser. Once the population is in the
P3,, state, there is the probability of 0.66 % for a decay back to the Dj/, state at 850 nm.
In following this decay is neglected. The main incoherent broadening mechanism when
calculating the spectral properties of the 854 nm photons comes from the decay from Pj/,
back to the S;,, ground state. Analogous to the calculation of the spectral properties of
393 nm photons in Sec. 3.1.4, we start with the mean number of scattered 393 nm photons
per excitation cycle

A
figgs = —25 = 15.92. (3.44)
Agsa

The time-bandwidth product, which is ideally 7 - 7y, = 1 is far away from this value with
Toh * Yph = 16.92. (3.45)

In the limit of a strong three-photon resonance excitation from S; /, to P3,, the population
occupation in P3,, tends to 50 % as a transient regime between weak excitation and the
strong excitation including Rabi oscillations. Thus, we formulate the maximum rate

Rssp = 0.5- Agsy = 4.241s™?, (3.46)
and the minimum temporal width of the wave packet in analogy to Eq. (3.1) by

16.92 1

Toh, min = = = 235.8ns. 3.47
ph,min = 5" (Tp,,, — Ass0)  Rs—p 047

The spectral width of the emitted photons presented in Fig. 3.12 is then calculated with
Eq. (3.45) as

Toh 1692
271 27 Ty

Avph = = {3.23..0.46} MHz for 7, = {0.83...5.89 }ys. (3.48)

Incoherent broadening through branching ratio of Py,

The description of the frequency spectrum so far incorporates only the incoherent broad-
ening mechanism by the unfavorable branching fraction from P3,, which would be valid
if we excited with a 393nm laser or a perfect three-photon resonance excitation. Since
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3. Controlled generation of single photons at 393 nm and 854 nm

the three-photon resonance condition is not perfect, i.e. the non-perfect phase coherence
between the lasers and the power broadening cause some remaining population of the
Py, level, an additional broadening mechanism has to be taken into account related to the
branching fraction of P1,,. For the photons shown in Fig. 3.12(a) we want to know the
incoherent broadening. Thus we use the fitted experimental parameters from Fig. 3.12(b)
to simulate again the ratio between the scattering rates R3gz and R3zg7 as it was done in
Fig. 3.11. We find a 866 nm detuning corresponding to a maximum scattering ratio be-
tween the scattering rates Rzg7 and Rzgz and thus the incoherent broadening factor* of

R397 + R393
R393

7= = 1.54. (3.49)

The total spectral width of the photonic wave packet is now given by the total amount of
spectral broadening due to various decay processes under optimized excitation as

Ton - Ton = 16.92 - 1.54. (3.50)
P P

From this equation we evaluate the minimum temporal width for a strong excitation, i.e.
for a 850 nm laser power of 600 uW where the inverse of the temporal length in Fig. 3.12(b)
saturates. From numerical simulations as Fig. 3.10(a) we read out the maximum population
in P35/, for a power of 600 ptW to ~ 25 %. With this we formulate the minimum temporal

width as
16.92 -1.54

T, =
PR 0.25 - (Tp,,, — Asso)
This lead to the highest rate for a triggered excitation of

= 726ns. (3.51)

Rs_,p = 1 1.38 s L. (3.52)
Tph
Comparing this number to the Bloch-equation calculation in Fig. 3.12(b) we see that for
higher 850 nm laser powers the inverse of the photon duration asymptotically converges
to a value of 1.41 ps~!, which is close to the value of Eq. (3.52).
For the measured photon duration 7,, = 834ns the spectral broadening then corre-
sponds to a final spectral width of

16.92 - 1.54
Avgy = 22229 _ 4 97MHz. .
Vph = o gaans 0/ MHZ (3:53)

If the population is distributed in P3/,, the photons are emitted with various frequency
components due to the splitting of the P3,, and D5/, Zeeman manifolds. Furthermore,
each decay channel is accompanied with three possible transitions (¢, ¢~ and 77) leading
to a photonic state which leaves the ion in a mixed state. The different frequency- and po-
larization components within the photonic wave packet will be discussed in more detail in
Sec. 4.2.2, when absorption probabilities of single photons by a single ion are investigated.

4If we assume the case for pure optical pumping from Sy /, to Pz, without the 866 nm laser, the broadening
factor would change to { =1+ Rw — 155, using Eq. (3.29).

Rso3
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3.2. Single 854 nm photons for quantum networks

Summary

In this chapter I presented the use of a single trapped ion as a source for single photons at
two different wavelengths.

First the generation of single 393 nm photons in a mixed quantum state yielded 7.4(3) -
10* s~! multi-mode fiber-coupled photons with a maximum sequence repetition rate of
230kHz. The arrival-time distributions manifested the control of the temporal shape of the
photons ranging from 325(3) ns to 2.23(1) ps for low 854 nm laser powers between 7 and
0.875uW. In the low power regime, the expected linear behavior of the scattering rate as
a function of the 854 nm power was shown. The single photon character was emphasized
by the g?)-function measurement highlighting the antibunching by the low probability for
multi-photon emission at zero time delay. With the preparation of the outermost Zeeman
substates in D5/, and excitation with circular polarization it became possible to generate
photons in a pure quantum state regarding polarization and frequency. The pure pho-
tons were generated with a rate up to 9.36 kHz, resulting in 571(23) s~! multi-mode fiber
coupled photons in a pure quantum state. Their spectro-temporal analysis showed that
the time-bandwidth product is close to the Fourier limit, which means that the photons
are fully coherent according to their temporal width of the wave packet. The properties
make these photons suitable as carriers of quantum information for quantum networking
protocols.

The second part of the chapter showed the generation of single 854 nm photons. With a
sequence repetition rate of 125 kHz we reached 3.0(6) - 103s~! single-mode fiber-coupled
photons, sufficient to perform photonic interaction measurements between single ions in
separate traps as it will be presented in the next chapter. With the variation of the 850 nm
laser powers we controlled the temporal shape of the 854 nm photon wave packets from
0.834(2) to 5.89 pis for 850 nm laser power ranging from 316 to 20 pW. The rate with which
population is transferred from S; /, to D5/, was simulated for different 850 nm laser powers
by the Bloch equation program and fitted to the data. The shortest photons were achieved
for a fast excitation from S, to Ds5,, by employing a three-photon resonance condition.
We found a resonance condition that increased the ratio between the 393 nm and 397 nm
scattering rates by a factor of 22 compared to the optical pumping case. In contrast to the
393 nm photons we saw that the 854 nm photons have a incoherently broadened spectrum
which leads to a time-bandwidth product which is far away from being Fourier-limited.
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4. Photonic interactions between distant
single ions

Quantum networks form the basis for the realizations of integrated quantum computing
and quantum communication scenarios in the novel and fascinating field of quantum in-
formation processing. The elementary network incorporates nodes where quantum in-
formation is stored and processed and photonic quantum channels to transfer quantum
information [36].

Single ions are ideal candidates as nodes in quantum networks since they are highly
controllable in their internal and motional degrees of freedom and highly isolated from
environmental disturbances. The coherent communication between distant single ions re-
quires the controlled emission of photons at one ion, which are transmitted ideally in a
pure state to the second ion, stored in a separate trap, where the photonic quantum in-
formation is stored and further processed. A major prerequisite for coherent exchange of
quantum information between distant single ions is the control of the emission and absorp-
tion of single photons by the ion, i.e. the control of the bi-directional atom-photon interface
which is studied extensively in our group. The controlled emission of single photons by a
single ion at different wavelengths has already been presented in Chapter 3 of this thesis.
Concerning experiments investigating the absorption process of single photons by a single
atomic ion in free space, our group still presents state of the art results [112], i.e. heralded
single photons from a spontaneous parametric down-conversion (SPDC) source at 854 nm
which are absorbed by a single ion [64]. In another absorption experiment, the ion has also
been used to verify the entanglement of the SPDC photons [82].

In the following sections we present the first experiments in our group that combine our
knowledge from controlled emission of single photons from a single ion and absorption
experiments from heralded SPDC photons. This will take the experimental status to a
higher level towards the establishment of a real quantum network with distant nodes.
So far, single ions in two distant traps were used to emit photons that entangle the ions
by projective measurements [44]. Alternatively, entanglement between two distant ions
would be achieved by directly transferring quantum information between the ions by the
emission of photons at one ion and the subsequent absorption at the distant ion, which has
not been established yet with single ions. Here we perform an elementary step towards
this through the direct photonic interaction between two distant single ions.

Sec. 4.1 shows the first interaction experiment in our group, the direct free-space con-
tinuous photon transmission at 393 nm wavelength between two distant single ions. In
Sec. 4.2 the 854 nm transition is used to generate photons which are coupled to a single-
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mode fiber, acting as transmission channel between the two distant ions. We present the
interaction between the two ions in cw and triggered photon transmission mode. The
absorption probabilities of ion-generated photons and photons from a highly attenuated
laser are compared and analyzed with respect to their spectral distribution and polariza-
tion degree of freedom. For triggered interaction measurements we correlate the emission
trigger from the sender ion with the first 397 nm scattered photon at the receiver ion and
observe clear coincidences between these two events. The chapter closes with a summary
and discussion about general limitations of absorption probabilities from single photons
by a single ion for free space coupling the light to the ion with the HALO, as used in our
experimental setup.

4.1. Free-space interaction at 393 nm wavelength

After we achieved the controlled generation of single 393 nm photons by a single ion pre-
sented in Sec. 3.1 it became obvious to use these photons for the first proof-of-principle
photonic interaction measurements that had ever been done in our group. Concerning
our experimental goals, 393 nm photons are preferentially used as heralds for a success-
ful quantum-state transfer of 854 nm photons. As shown in Sec. 3.1, we can generate the
393nm photons in a pure quantum state, allowing the photons to carry quantum infor-
mation, e.g. encoded in the polarization degree of freedom. One scenario to transfer this
quantum information to a distant ion would be the mapping of the photonic quantum
information into the distant ion’s metastable Ds,, level by the absorption of the 393 nm
photon and subsequent emission of a 854 nm photon. A simple example in the following
shows that this protocol becomes inefficient considering the 393 nm absorption process.
As already pointed out in Sec. 3.1.3, we can generate pure ¢~ polarized photons at

393nm by spontaneous Raman scattering from |Ds,p, m; = —3) via [P35, m; = —3) to
S1/2,mj = —1) at one ion. If we could prepare a second, separately trapped ion in
S1/2,m; = —1), then the process is not reversible. This means that after the absorption
of the ¢~ photon via |P3/,m; = —3) there is a multitude of possible transitions from
|P3/2,mj = —3) to |Dsja,mj = —3), |Ds/p,mj = —3) and |Ds/,mj = —1), leaving the ion

. . . o . . 1 —
in a mixed atomic state. For superpositions of photon polarizations such as ﬁ(a +07),

the mixing of atomic states in D5/, becomes even more complicated, making any map-
ping process of quantum information between two distant **Ca™ ions very inefficient and
not promising for future applications without higher experimental efforts. One way out
would be a heralding photon (heralding the absorption) at 854 nm with a certain polariza-
tion whose detection projects the ion to a specific Zeeman substate in D5,, which can be
readout by the 729 nm laser.

As a proof-of principle experiment for future applications, we applied our knowledge
from the controlled generation of 393 nm photons explained in Sec. 3.1 to perform photonic
interaction measurement with our double-trap setup.
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4.1. Free-space interaction at 393 nm wavelength

4.1.1. Experimental setup

The experimental setup comprises our two ion traps separated by a distance of ~ 1m and
shown in Fig. 4.1(a). In the sender trap we generate 393 nm photons in cw mode with
the lasers shown in Fig. 4.1(c). The photons are in a mixed state, similar to the generation
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Figure 4.1.: (a) Experimental setup for 393 nm interaction between two single ions sepa-
rately trapped at one meter distance. The photons are sent free-space from the sender ion
to the receiver ion where quantum jumps in the 397 nm fluorescence signal herald the suc-
cessful absorption of a 393 nm photon. Level scheme and relevant transitions for the (b)
receiver ion and for the (c) sender ion. For details see text.

presented in Sec. 3.1.2. In the receiver trap we also load a single ion which is continu-
ously Doppler cooled. The scattered fluorescence photons at 397 nm are collected with
one HALO and are guided with a multi-mode (MM) fiber to a photomultiplier tube (PMT)
where they are detected. Any successful absorption of a 393 nm photon followed by the
decay to D5/, is heralded by a quantum jump from a bright to a dark state, i.e. by the sup-
pression of the 397 nm fluorescence to the background level (see Fig. 4.1(b)). In the receiver
trap, the telescope in front of the HALO and the HALO itself are aligned from previous
measurements for an efficient atom-photon coupling at 397 nm wavelength. We use the
alignment as is and establish the alignment of the optical path between the two traps by
sending a weak 397 nm laser beam from the PMT side through the receiver trap along the
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HALO axis. Behind the HALO and telescope on the other side of the receiver ion trap, we
use mirrors to redirect the light and overlap it with the optical path for efficient 397 nm
coupling at the sender ion trap.

4.1.2. Heralding absorption events: The quantum-jump scheme

Experimental protocols in quantum networks need high success probabilities for faithful
quantum-information transfer between distant nodes, given by an efficient collection effi-
ciency of photons at one ion and a high absorption probability at a distant ion. We now
present a first estimate about the expected success probability, based on preceding mea-
surements.

In Chapter 3 we have seen that typical cw emission rates of 393 nm photons are on the
order of ~ 10°s™!, from which ~ 1% are collected by one HALO. These photons are sent
to a second, distant ion, where they are absorbed. From resonant single-photon absorption
measurements from a spontaneous parametric down-conversion source at 854nm, a typi-
cal absorption probability conditioned that the ion has decayed via the 393 nm transition
to the S; /, ground state after absorption is on the order of ~ 10~%. The probability for this
event is given by the product of the branching fractions of the P/, level which are propor-
tional to the corresponding oscillator strengths [27]. If we consider the inverse case, i.e. the
absorption of 393 nm photons and the subsequent decay to Ds,;, then the product of the
two branching fractions is identical. Assuming the same value for the condition that the
ion has decayed to the D5, after a 393 nm absorption, we can combine the numbers and
obtain an absorption rate of 393nm photons of ~ 157 !. In the level scheme in Fig. 4.1(b),
we see that a 393 nm photon absorption can be detected by the subsequent emission of a
854 nm photon, which would be called a herald for the photon absorption. If we attempted
to detect these 854 nm photons with an avalanche photodiode, the detected absorption rate
would be reduced to ~ 51072 s~! according to the typical detection efficiency of 854 nm
photons. Since the APD has a typical dark count rate of 10s~! it would take days of acqui-
sition time to obtain enough statistics for a decent signal-to-noise ratio.

Here we present an alternative method to detect the absorption event of 393 nm photons
which in the original scheme is called the shelved optical electron amplifier [113]. The scheme
does not rely on the low detection probability of the 854 nm herald but detects the absorp-
tion event with high efficiency by monitoring atomic states through quantum jumps. The
way how quantum jumps are observed is shown in Fig. 4.2. For that the fluorescence light
at 397 nm wavelength is continuously recorded during Doppler cooling. Once an absorp-
tion takes place, the ion can randomly decay to the metastable D5/, level which causes a
quantum jump from bright to dark. We call this quantum jump a herald for the absorption
event. The D5/, level has a mean lifetime of 1.168 s [81] during which no 397 nm photons
are scattered (Fig. 4.2 (b)). From the D5/, level, the ion spontaneously decays back to the
S1/2 level and enters the fluorescence cycle again. This is seen by a quantum jump from
dark to bright (Fig. 4.2 (c)). Thereafter the ion is sensitive again for absorption of sender
photons. By the use of the 397 nm fluorescence light, we have a signal with a high ratio
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Figure 4.2.: Quantum-jump scheme for heralding the absorption in the receiver trap con-
sisting of three steps: (a) During Doppler cooling the receiver ion, 397 nm fluorescence
photons are scattered continuously which are detected by the PMT yielding the fluores-
cence trace shown on the left hand side. (b) Once a 393 nm photon is absorbed, a quantum
jump from the S/, to the D5/, level causes a cease in the fluorescence from bright to dark.
(c) By the spontaneous decay from D5/, to S/, via the 729 nm transition we get an onset
in the fluorescence trace again, making the ion sensitive again for photon absorption.
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between the bright and the dark state that is used to detect the absorption event with al-
most 100 % efficiency. In particular, since there are no other sources of 393 nm light during
the measurements, we only see quantum jump events by successful absorption of 393 nm
photons from the sender. Quantum jumps induced by collisions with background gas are
conceivable but have a very low probability.

4.1.3. Continuous-wave (cw) photon transmission

For the continuous generation of 393 nm photons we have the 397, 866, 850 and 854 nm
lasers at the sender trap constantly switched on (see Fig. 4.1 (c)). The photons are collected
by the HALO, optimized for 854 nm wavelength, followed by the compensation telescope
for 393nm and are guided with mirrors to the telescope and HALO at the receiver trap,
both aligned for 397nm. There photon absorption is signaled with the quantum-jump
scheme. With the PMT we record a fluorescence trace for which a typical example is seen in
Fig. 4.3. We show a recorded fluorescence trace for a time of 60 s in time bins of 1 ms. Within
this time we record 31 quantum jumps from bright to dark which correspond to successful
393 nm photon absorption events. In principle one could also trigger a quantum jump from
bright to dark with a three-photon excitation by the absorption of 850 nm photons that are
scattered at the sender ion. Since the HALO at the sender trap is aligned for collecting
854 nm light and the compensation telescope is built up for a highly efficient collection of
blue light (393 nm and 397 nm), the probability to transmit 850 nm photons to the receiver
ion is low and can be neglected compared to 393 nm photons. In the time trace we see that
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Figure 4.3.: 397 nm fluorescence time trace from the receiver ion for a time of 60s and 1 ms
time bin. The trace contains 31 quantum jumps from bright to dark, heralding the absorp-
tion of 393 nm photons.

the bright-state count rate has an average value of 219(15) - 10° counts ‘whereas the dark-

state count rate is 34(6) - 10> ©425_ The 397 nm and 393 nm photons that are generated and
collected at the sender trap contribute to the high amount of background light leading to
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4.1. Free-space interaction at 393 nm wavelength

the high level of dark-state count rate. Although we collect the 393 nm most efficiently
from the sender by inserting the compensation lens we still get 397 nm photons which
are sent together with 393 nm photons to the receiver. There the position of the HALO is
optimized for 397 nm coupling and both wavelengths are sent through the trap, collected
by the second HALO in the receiver and detected by the PMT.

From a fluorescence trace like the one in Fig. 4.3 we obtain the dark period lengths by
using the following method: First the time axis is divided in time bins of size ét. The
bins contain the counted number of photon clicks therein. In Fig. 4.4 the number of photon
clicks in a time bin of 1 ms from the fluorescence trace in Fig. 4.3 is put into a histogram. The
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Figure 4.4.: Histogram of detected fluorescence counts for a binning of 1 ms. The two ob-
served distributions allow one to define a threshold that lies in between the two distri-
butions of bright and dark state for searching quantum-jump events in fluorescence time
traces.

two photon-number distributions are used to obtain a threshold number of counts which
is set between the two distributions for discriminating between dark and bright state. Tak-
ing the point which has the minimum counts between the two distributions serves for a
proper threshold value. This threshold value is used in a Matlab program for comparing
the number of photon counts in a time bin with the threshold, determining in this way the
onset and cease of the fluorescence and thus the time the ion spent in the dark state.

For a total acquisition time of 4 min, we present 73 absorption events heralded by quan-
tum jumps and sorted according to their dark period lengths in the histogram of Fig. 4.5.
Note that the data is taken from different measurement days and thus shows a lower ab-
sorption rate than the trace in Fig. 4.3 due to a different degree of optical-path alignment
between the two traps. However, in the histogram we analyze the length of dark periods
which does not suffer from different rates. The only possibility to enter the fluorescence
cycle after a quantum jump to the metastable D5/, level is the spontaneous decay via the
729 nm transition. This has the advantage of a background-free signal, as long as there are
no other processes, like background light from a 393 nm source, inducing quantum jumps.
The mean lifetime of the D5/, level has a value of 1168(9) ms [80]. We calculate the mean
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4. Photonic interactions between distant single ions

dark period duration and the standard error of the mean to T = 1106(106) ms that is for
the low number of events in agreement to the literature value within the error margins.

12

1 =1106(106) ms

Events

0
0 1000 2000 3000 4000
Dark—period duration (ms)

Figure 4.5.: Histogram of dark-period durations of the fluorescence in the receiver trap.
The mean dark period 7 is calculated for a bin size of 1 ms from a fluorescence time trace
of 4 min including 73 detected quantum jumps events from bright to dark. The bin size of
the histogram is 200 ms. The red curve is an exponential fit to the data, serving as a guide
to the eye.

To calculate the absorption probability, we first determine the rate of absorbed photons
from the measurement presented in Fig. 4.3. In an acquisition time of 59.996(1) s, we see 31
quantum jumps. In the total time of 38.455(62) s the ion spends in the dark state, it is not
sensitive to further absorption events. The time the ion is sensitive for absorption is thus
21.541(63) s. This number is in agreement with the total bright-period duration which is
derived by summing over all bright-state events in Fig. 4.4. The rate of absorption with a
subsequent decay to Ds/; is then given by

31

R=_—"—— =1439(4)s .. 4.1
2i5ai(ea)s WS (1)

The branching fractions of the Pz, level show that the ion decays only in 5.87 % of the cases
to the D5/, level, which means that the real absorption rate of 393 nm photons, including
the absorption events where the ion decays to the Sy /, or D3/, level is

Raps = ~——— - R =2452(7)s™ . 42
abs 0.0587 5 ( ) s ( )
Here the branching fractions of the P53/, level which are proportional to the corresponding
oscillator strength [27], show a very general aspect of the efficiency with which 393 nm
photon absorption events can be successfully detected. Although the oscillator strength
on the absorption transition from Sy, to P35 is high with 93.47% - I'p, ,, it decays only
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4.1. Free-space interaction at 393 nm wavelength

with a weak strength of 5.87 % - I'p, , to D55, making an absorption detectable by a quan-
tum jump. This means that the product of these two describes the absorption efficiency
concerning the oscillator strength and would take the highest value if both had a value of
50% - I'p, ,.

4.1.4. Absorption probability

For determining the absorption probability of 393 nm photons, we first calculate the col-
lection efficiency of 393 nm photons at the sender trap. We take the collection efficiency of
393 nm photons from HALO 1 calculated in Sec. 3.1.3 as

Heoll = 3.4 %. (4.3)

We have not directly measured the emission rate of 393 nm photons for the laser parame-
ters used in the measurement presented in Fig. 4.3, but we estimate from numerical simu-
lations a scattering rate of 393 nm photons of ~ 2 - 10°s~! which leads to a rate of collected

photons of R = 6.8 - 10*s~1. These photons are sent to the receiver and are absorbed
with a probability of
R
Pabs = =225 = 3.6-10%. (4.4)
Rcoll

The value for the absorption probability can be viewed as a upper limit, since the assump-
tion that all the collected photons from the sender ion are coupled to the receiver ion is
rather optimistic. Additionally we also calculate the probability to see an absorption event,
i.e. the absorption probability given that the ion is in D5, after an absorption. Thereto we
take the absorption rate from Eq. (4.1) and obtain the absorption probability conditioned
on the observation of a quantum jump as

Pabs, jump — 2.1 1075- (45)

The low absorption probabilities are mainly limited by the spatial overlap between the
incoming photonic wave packet with the atomic wave packet. This is attributed to the
alignment, i.e. the telescope and HALO which is aligned for 397 nm wavelength. We fur-
ther have to point out that the value of the absorption probability is composed of many
physical quantities and the interplay of all of them is a complex task, which is nowadays
under current investigation in state-of-the art experiments. After the presentation of the
854 nm interaction in Sec. 4.2, we will come back to the discussion about absorption prob-
abilities in a much more detailed manner.
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4. Photonic interactions between distant single ions

4.2. Single-mode interaction at 854 nm wavelength

After the experimental interlude of the 393 nm interaction measurement, we proceed with
our transition of choice at 854nm, which has been extensively studied with absorption
experiments of heralded single photons from the SPDC source [82, 114, 64]. The main
advantage using this transition for absorbing single photons is found in the possibility
to transfer entanglement in polarization of 854nm photons to the ion’s internal ground
state [46]. Figure 4.6 shows the double-trap setup consisting of the two traps separated
by ~ 1m distance. Each of the two traps is coupled with a 2m single-mode (SM) fiber,
whereby both fibers are connected with a single-mode (SM) fiber coupler. The latter is

Receiver
850 nm 397 nm

MM

866 nm 397 nm

SM fiber

854 nm
coupler

850 nm
SM

fiber

866 nm

Figure 4.6.: Experimental setup for 854 nm photonic interaction between two distant ion
traps, each confining a single ¥ Ca™. In the sender trap, single 854 nm photons are gen-
erated in continuous and triggered mode and coupled to a single-mode (SM) fiber which
is connected by a SM fiber coupler to a second SM fiber. In the receiver ion, various laser
beams guarantee the successful detection of an absorption event by collecting the scattered
397 nm light which is coupled to a multi-mode (MM) fiber connected to a photomultiplier
tube (PMT). In both traps the direction of the magnetic field B is oriented along the HALO
axis.

also used to separately connect each of the two traps with a highly attenuated, single-
mode fiber coupled laser at 854 nm wavelength as a weak source of 854 nm photons. The
laser photons serve as a source of narrow-bandwidth photons. If they are absorbed from
the receiver ion we can compare the absorption probability to the value if the ion absorbs
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4.2. Single-mode interaction at 854 nm wavelength

single photons from the ion with respect to their spectral linewidths. Alternatively, we
connect an avalanche photodiode with the single-mode fiber which is connected to the
sender ion to record an arrival-time distribution of single 854 nm photons. For photonic-
interaction measurements between the two traps, the photons are generated in the sender
trap, coupled with the HALO along the quantization axis into the single-mode fiber and
sent to the receiver ion trap. There the photons are coupled to the ion with the HALO
which is now optimized in alignment to efficiently focus 854 nm photons onto the ion. The
orientation of the magnetic field is similar to the sender ion trap chosen along the HALO
axis. At the receiver ion trap, absorption events are signaled with the quantum jump from
dark to bright by monitoring the 397 nm fluorescence light with the PMT.

4.2.1. Continuous generation of 854 nm photons

We perform a first interaction measurement by continuously generating 854 nm photons
at the sender ion by having all four lasers (namely 397, 866, 850 and 854 nm) constantly
switched on. The laser parameters are optimized in such a way that we generate the high-
est possible number of 854 nm photons measured with an APD which is directly connected
to the single-mode fiber from the sender trap. We measure a background-corrected count
rate of 3100(56) s 1, corresponding to a single-mode fiber coupled rate of 1.29(27) - 10*s~1,
taking into account the APD detection efficiency of 24(5) %. For interaction measurements
we connect both traps with a fiber coupler with a transmission efficiency of #7¢. = 94.5(3) %,
giving finally a single-mode coupled photon rate of

Ric pn = 1.22(26) - 10*s71, (4.6)
' P

which is transmitted to the receiver ion where quantum jumps are monitored.

At the receiver ion we observe quantum jumps as explained in Fig. 4.7. While the re-
ceiver ion is Doppler cooled with the 397 nm and 866 nm laser, a highly attenuated 850 nm
laser serves for random quantum jumps from Dj/, to D5/, causing the fluorescence to
cease. We adjusted the power such that on average the ion spends half of the time in the
Ds/; level where it stays dark. In contrast to the quantum jump scheme for 393 nm inter-
action, the quantum jump from dark to bright occurs in two different ways. Besides the
absorption of an 854 nm photon the ion can spontaneously decay from the D5/, to the S; /»
level. Both processes take the population back to the fluorescence cycle and result in an
onset of the fluorescence. The quantum jump event from dark to bright is called a herald
for the photon absorption, since beside the spontaneous decay contribution, it tells us that
there was a successful absorption event.

Sender ion off

First we calibrate the receiver ion for sender-photon absorption events by transmitting
no photons to the receiver by switching off the 850 nm laser in the sender ion. With the
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Figure 4.7.: Level-scheme and detected time trace of 397 nm fluorescence counts for illus-
trating the observation of quantum jumps at the receiver ion. (a) During Doppler cooling
with the 397 and 866 nm laser, the ion fluoresces continuously before (b) a highly attenu-
ated 850 nm laser randomly causes a population transfer to the metastable D5/, state by
a quantum jump from bright to dark. (c) The ion remains dark until an 854 nm photon
absorption from the sender ion takes place. This process competes with the spontaneous
decay of the D5/, via the 729 nm transition. Both events result in an onset of the fluores-
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cence which is analyzed and used as a time stamp for correlation measurements.
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4.2. Single-mode interaction at 854 nm wavelength

laser configuration in the receiver ion, dark-to-bright quantum jumps signal the sponta-
neous decay of the D5/, level. In Fig. 4.8(a) we extract the lifetime of the D5/, level from
a total fluorescence measurement time of 20 min by determining the mean dark period
length T, = 1022(33) ms, as explained in Sec. 4.1.3. This corresponds to a decay rate of

800 ‘ ‘ ‘ 800
600 | T .. =1022(33) ms 1 600 T =247(6) ms
off 1 on 1
f R ..=098(3)s R =4.01)s
c off on
< 400 1 400
m
200 1 200
N ||| T Te— 0
0 500 1000 1500 0 500 1000 1500
Dark—period duration (ms) Dark—period duration (ms)
(a) (b)

Figure 4.8.: Histograms of dark-period lengths in the receiver ion after a quantum jump to
Ds/5. (a) Without photons from the sender ion we get 979 quantum jumps for a total mea-
surement time of 20min. (b) With photons from the sender ion, the number of quantum
jumps is increased to 2186 within 15 min. For both histograms we display the mean dark
period length 7, off and the corresponding decay rates Rop off = 1/ Ton, off-

Rog = 0.98(3) s~ ! when the sender ion is switched off. Comparing the value of T to
the literature value of 1168(9) ms [80] reveals that we have sources of disturbance that re-
duce the lifetime. We attribute these to stray light of the nearby 854 nm laser setup causing
854 nm photons to enter the receiver ion trap.

Sender ion on

With the 850 nm laser switched on at the sender ion, the effective lifetime of the D5/, state is
significantly reduced to Ton = 247(6) ms for a total measurement time of 15 min as depicted
in Fig. 4.8(b). From the increased quantum jump rate of Ron = 4.0(1) s~! we calculate the
absorption rate of 854 nm photons at the receiver as Ron — Ry = 3.0(1) s~1 conditioned
on the subsequent decay from P3,; to S;/, or to D3 /,. Taking into account the probability
of 5.87 % that the ion decays back to D5, which is not detected by a quantum jump yields
a total absorption rate of

1

Raps = 09413 (Ron — Rogf) = 3.2(1)s7 1, (4.7)
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4. Photonic interactions between distant single ions

With the fiber-coupled rate Ry, of transmitted photons, this gives a single-photon absorp-
tion probability per photon of

R _
C

Here we see that this number coincides well with absorption probabilities measured with
854 nm photons from an SPDC source [114]. In the case of SPDC photons, they are spec-
trally and temporally tailored to the atomic decay rate of the Pz, level. Here the temporal
and spectral properties of the photons from the sender ion are quite different. In order
to analyze the dependance of the absorption probability from the spectral behavior of the
photons we replace the single-photon source of the ion by a highly attenuated 854 nm laser,
that serves as a narrowband photon source. After this measurement we can compare the
absorption probability of the laser photons to the absorption probability of single photons
generated in triggered sequence mode.

4.2.2. Comparison to absorption of 854 nm laser photons

For replacing the single-photon source from the sender ion by an easy to tune and high
brightness source of photons we use the 854nm laser in a highly attenuated fashion. Of
course, one has to keep in mind that the photon statistics of both sources differ significantly.
As it was shown for 393 nm photons, we expect to see in the g(?) correlation function of the
854nm photons a clear antibunching!, which is not the case for laser photons. However,
since the ion is capable to only absorb one single photon at a certain time, we still can use
this source for single-photon absorption probability measurements.

First we use the three lasers at the receiver ion trap shown in Fig. 4.6 together with
the 854 nm laser sent through the HALO to find proper detuning for the 854 nm laser to
resonantly excite the D5/, to P53/, transition. For that we use a 397 nm laser together with
a weak 850 nm laser to avoid any level shifts of the P3,, level. The weak 854 nm laser is
then frequency-scanned over the transition while from the detected fluorescence at 397 nm
the resonance frequency is determined. Then the laser is attenuated which is achieved
by a cascade of neutral density filters that are placed in the laser beam. The single-mode
fiber coupled laser is connected the APD and adjusted to a rate of 3955(63) s~! background
corrected photons. With this rate we connect the single-mode coupled laser via the fiber-
coupler to the single-mode fiber of the receiver ion trap, with a single-mode fiber coupled
rate of

Ry faser = 1.56(33) - 10*s71, (4.9)

IWith only one HALO aligned for efficient collection of 854 nm photons in the sender trap we had to use a
fiber beam splitter connected to the single mode fiber to perform a second-order correlation measurement.
The beam splitter introduced high photon losses with the consequence that the measurement time had to
be increased. This caused the problem that true two-photon events could not be distinguished anymore
from two-photon events by detector dark counts. This made us unable to characterize the 854 nm photons
concerning their statistics.
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4.2. Single-mode interaction at 854 nm wavelength

which is comparable to the rate of continuously generated photons from the sender ion
that we used before. Similar to the cw interaction of single photons from the sender, we
first suppress the photon generation by blocking the laser and determine the decay rate of
the D5/, level at the receiver ion to Ron = 0.85(2)s™! from the mean dark period length
(Fig. 4.9(a)), this time in agreement with the literature value 0.856 s~! [80]. For the case that
laser photons are absorbed, shown in Fig. 4.9(b), the rate is increased to Rog = 7.4(1) s !
which results in a absorption rate of

1

Rabs, laser — m (Ron - Roff) = 7-0(1) Sil- (4-10)
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Figure 4.9.: Histograms of dark-period lengths in the receiver ion after a quantum jump to
Ds/5. (a) Without laser photons, 1365 events in 30 min acquisition time contribute to the
distribution. (b) With laser photons, the number of quantum-jump events is increased to
7042 in 30 min.

Taking into account the fiber-coupler efficiency leads to an absorption probability of
Pabs, laser = 45(10> 1074 (4.11)

The ratio between the two absorption probabilities is

Pabs, laser _ 4 75, (4.12)
Pabs, ph

Eq. (4.11) clearly shows that within the error margins, the absorption rate is increased if
we send narrow-bandwidth laser photons to the receiver ion instead of photons from the
sender ion. It depends on spectro-temporal, spatial and polarization degrees of freedom
of the incoming photons. The properties are discussed in Sec. 4.3 when we compare the
absorption probability from laser photons with the absorption probability with triggered
photons from the ion.
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4. Photonic interactions between distant single ions

4.2.3. Triggered single-photon transmission

Beside the continuous interaction, we transmit single photons that we generate in sequence
mode, as presented in Sec. 3.2.3. The photons have an arrival time of 1.1 s and are gen-
erated with a repetition rate of 31.25kHz. In order to show the successful absorption at
the receiver ion, the emission trigger, i.e. the electronic pulse which is sent to the 850 nm
AOM leading to the onset of the 854 nm Raman scattered photon, is used in one channel of
PicoHarp. In the second channel we record the 397 nm fluorescence from the receiver ion
and extract the first 397 nm fluorescence photon after a quantum jump by the following
procedure, which is performed by in a C program and discussed in detail in [115].

To obtain the first scattered 397 nm photon, the trace is filtered by a moving average,
i.e. the number of clicks are counted for a given time bin and then averaged over a certain
number of bins. The averaged filter is then scanned over the fluorescence trace, while
comparing the number of fluorescence counts with a threshold. This method yields the
coarse times for quantum jumps, i.e. the resolution is determined by the bin size, which
is typically 1ms. Therefore the program continues with the analysis of the clicks around
the coarse absorption time to find the time t,, of the first 397 nm photon after the onset of
fluorescence. By comparing the time intervals At,, = t,, — t,,_1 between two pairs of three
subsequent photon clicks, the intervals are compared to a threshold delay t, such that a
quantum jump from dark to bright fulfills the condition At,, 11 < T, and Aty > Ty,.

The evaluation of the interaction between photon-emission trigger at the sender ion and
the first fluorescence photon at the receiver ion is shown by a histogram in Fig. 4.10. It
contains the time delays of the first 397 nm photons with respect to the emission trigger,
starting at zero time delay for a total measurement time of 65 min. Within one sequence
repetition time of 32 us (blue bars), we see coincidences between trigger and absorption
events that are clearly visible as a peak on top of uncorrelated background events. In
order to explain the shape of the correlation function we describe each part of the rising
and falling slope step by step before we finally present the analytical expression for the
expected theory, drawn as the red solid curve in Fig. 4.10. First we describe the probability
distribution of generated single photons as

t

P = — ¢ O(1), (4.13)

Tph
with 7, = 1.1ps and the Heaviside function @(t). Next, the probability distribution of
397 nm fluorescence photons has to be analytically expressed. If we consider that the time
of detected fluorescence events follows a Poisson distribution, we conclude for scattering
rates much lower than the atomic decay rate that subsequent photon detections are inde-

pendent from each other which results in a probability distribution of
p(t)a = Lo (4.14)
il

where 15 = Riﬂ is the inverse of the 397 nm scattering rate at the receiver ion. The scattering
rate is important, since it determines the temporal resolution for detecting the first 397 nm
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Figure 4.10.: Temporal correlation function between single-photon emission triggers at the
sender ion and dark-to-bright quantum jumps at the receiver ion. For a measurement
time of 65min and a repetition rate of 31.25kHz, the data is displayed with a bin size of
800 ns. The blue data shows the histogram for time delays up to one sequence period. The
red line shows the theoretical model that fits the data very well, the red dots indicate the
background level.

fluorescence photon and thus the precision for the absorption event. From this point of
view, we have to set the scattering rate to the highest possible level, which is Rg = 3 -
10°s71, corresponding to a time constant of 75 = 3.3 pis as the average time between two
subsequent fluorescence clicks. The correlation measurement between the emission trigger
of single photons and the first 397 nm fluorescence photon is given by a convolution

[e0]

(pon pa)(6) = [ ppn(®) palt =) d, (@.15)

with T marking the point in time when a photon is emitted by the sender ion. As both
functions are defined in the range from T € [0;00[, Eq. (4.15) can be reformulated and
tinally leads to the solution

t
(Pon pa) () = | pon(™) plt =) d, (@.16)
s ; _ t(Tﬂ+TPh)
<erpl’\ _ eTﬂ> e Tﬂrph
= e (4.17)
P
1 _t -t
= (e e Tph> . (4.18)
T — Tph
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4. Photonic interactions between distant single ions

Note that the condition 173 # Ton has to be fulfilled. For the case that 7 = 7, the inte-
gral in Eq. (4.15) has to be evaluated, yielding a different result. The convolution given in
Eq. (4.18) incorporates the emission process by the single-photon probability distribution
and the detection of the first 397 nm photon by the fluorescence probability distribution.
For the experimental parameters of 7, and 7 determined in independent measurements,
the convolution is plotted as the red curve in Fig. 4.10. With the expected parameters, we
see that the theory fits nicely to the data. Following from zero time delay, the time from 0.8
to 1.6 us shows a steep rise, represented by the theory, as the onset with the length of the
photon. The rise is followed by an exponential decay containing the probability distribu-
tion of the fluorescence photons with the 1 time of 75 = 3.3ps. The background level of
77 events per 0.8 pis bin, indicated as the dotted line in Fig. 4.10, contains the uncorrelated
pairs of emission trigger with spontaneous decay events via the 729 nm transition.

With the data presented in Fig. 4.10 we calculate the absorption probability of sender
photons by the receiver ion in triggered mode as well as the overall success probability
for successful photonic transmission between distant single ions. Concerning the first, we
subtract the background level in every time bin in the blue-shaded area in Fig. 4.10 and
sum over the remaining events in order to obtain all events above the background level,
representing real absorption events. Integrating them yields n,,s = 589(81) absorption
events. Assuming that every 850 nm trigger generates a single 854 nm photon, we generate
in the total measurement time of 65 min with a repetition rate of 31.25kHz a maximum
number of photons of np, = 1.219 - 108. Taking the mode-matching efficiency of single
photons into the single-mode fiber from Eq. (3.41) of nsm = 2.1(4) % we calculate the
number of photons in the single-mode fiber 7, sm = 2.6(5) - 10° which leads with the fiber
coupling efficiency to the absorption probability of

Pabs, trig — 2-4(5) ' 10_4- (4.19)

Within the error margins, we see that this value is in agreement with the absorption prob-
ability for continuous photon transmission. The overall success probability, i.e. the proba-
bility for a successful photon absorption at the receiver, given that a photon generation is
triggered at the sender is calculated by

n —
Psuccess = abs 48(7) 1076, (4.20)
nph

To our knowledge, this value can be seen so far as unparalleled in the ion trapper com-
munity, since our experiment for direct photonic interaction between distant single ion is
seen as unique. Related work with photonic interaction measurements between distant
network nodes has been so far established with spectroscopy measurements on a single
molecule with cw scattered photons from a distant single molecule [116] and with single
atoms in optical cavities [37]. In the latter scheme the light-matter interaction at each node
is strongly enhanced by the use of optical cavities. With a photon generation efficiency of
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3% into the cavity? at the sender atom, a mode matching efficiency of an intracavity pho-
ton to a single mode fiber (fiber coupling efficiency) of 90 %, the transmission of the optical
fiber of 40 % and the storage efficiency at the receiver atom of 20 %, the overall success
probability for a quantum state transfer is 2 - 1073.

4.3. Comparison between absorption probabilities

From Eq. (4.19) we see that the absorption probability for triggered photons from the ion
is reduced compared to the case for laser photons as given in Eq. (4.11). From both values
we obtain a ratio of
Pabs, laser _ 1 9(6). (4.21)
Pabs, trig
As both photon sources are coupled into the same single-mode fiber pointing towards the
receiver ion trap we can expect their spatial mode profile out of the fiber to be identical.
The remaining different spectral properties and the different polarizations between the
photons shall be analyzed now.

For the triggered 854 nm interaction measurements, we generated photons with an ar-
rival time of 1.1 ps. They correspond to a three-photon resonance where laser detunings
and intensities were optimized in cw excitation to the highest ratio between 393 nm and
397 nm photons. Here we obtain Rzgz = 14 - 10°s~! and R3gy = 23 - 100571 leading to an
incoherent broadening factor of 2.64 according to Eq. (3.49). From Eq. (3.50) we can cal-
culate the incoherently broadened full-width at half-maximum of the Lorentzian-shaped
frequency spectrum of 854 nm photons from the ion as

Avpp = 126;211253 = 6.5 MHz. (4.22)
Note that this width only describes the full width at half maximum of photons from a
single transition from [P35, m;) to |Ds/5, m;) out of the multitude of possible transitions,
i.e. single-mode fiber coupled photons, shown in Fig. 4.11, that are weighted with the
Clebsch-Gordan coefficients (see Fig. 2.7) and the populations.

For the description we take an equally distributed population in the P3,, level which
leads to two quartets of ¢ transitions, namely ¢ and ¢~. Note that the possible 7t transi-
tions are collected along the quantization axis with a very low efficiency and do not enter
the single-mode fiber, since the mode overlap of the emission profile of 7 light with the
fiber mode vanishes if we collect this light along the quantization axis [52]. The remaining
possible o photons that are transmitted by the SM fiber are shown in Fig. 4.11 and they are
cast in the following into an analytical form to see the difference in absorption probabilities
caused by different spectral shapes between photons from the ion and from the laser. We

2This value was deliberately set for this experiment. Typical generation efficiencies reach values up to 56 %
[117].

89



4. Photonic interactions between distant single ions

, 4} 2
3 — = 2 —
- A 2 L]
P3/2 2 c—
715 .
D52 -_— 3 +3
5 —3 —2 2
—5 2
2

Figure 4.11.: Relevant 854 nm decay channels for an equally distributed population in P55,
observed along the quantization axis and coupled into a single-mode fiber. The two quar-
tets of ¢ and o~ contribute to the total spectral shape of the emitted photons.

first describe all possible transitions in the ¢~ and ot quartet for i,k = {0,1,2,3}

(r_:vi:vLc+(g}j-mi%—g}j-m?_%)%-& (4.23)
v =vic+ (gf mp s —gPomD ) L2 B (4.24)

Here vic describes the line-center frequency, i.e. the resonance transition frequency one
would determine from 854 nm spectroscopy, which we now can take to be zero without
loss of generality. For the Raman-scattered photon generated in triggered mode on one of
the 8 transitions we assume a spectral probability distribution described by a Lorentzian
lineshape as shown in Sec. 3.1.4 and given by

1 A1/ph
S(V)ph = 7— . (4.25)
T v ()2

Every transition between individual Zeeman substates has to be weighted by the corre-
sponding Clebsch-Gordan coefficient Cp, mgs,,mp (see Fig. 2.7) so that the total emission
profile of one polarization is given by the sum of the weighted transitions as

3

B 1 Av, h
TV . P 4.26
S(V)ph 1;0 mz%,msmlmf_% 27T (1/ - Vi)z + (Ag}’h)Z ( )

and accordingly for o
1 Avyp
ot — P

— C . . 4.27
S(V)ph = mkDi%,m854rm:7% 27T <1/ o Vk)2 + (Agph )2 ( )
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The total emission spectrum is normalized via

s(v);ﬁ +5(V)Ph

[, (s(v)gﬂ + s(v)gﬁ) v

$(V)ph, tot = (4.28)

such that -
Ls@mmM:L (4.29)

The spectrum is depicted in Fig. 4.12. Due to the magnetic field of 2.3 G we see a double-
peak shaped frequency spectrum (gray line). Each peak corresponds to a branch of 4 transi-
tions that belongs to one polarization. While each photon has a spectral width of 6.5 MHz,
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Figure 4.12.: Photonic spectrum from eight ¢ transitions between Zeeman substates m}’ —
m}? for a spectral photon linewidth of 10kHz (blue line) and 6.5 MHz (light gray line) for a
magnetic field of 2.3 G.

the total spectrum is broadened by the various frequency components from all 8 transi-
tions. All 8 transitions are resolved if the individual photon linewidth is chosen as 10 kHz.
Together with the assignment of the transitions they are also displayed (blue line). There
the different oscillator strengths due to different Clebsch-Gordan coefficients become visi-
ble. The spectrum for photons with a linewidth of 6.5 MHz is also shown in Fig. 4.13 as the
blue line for comparison with the atomic line shape at the receiver ion and the line shape
of the laser. Note that there the normalization to unity serves for a better overview and
comparison to the other spectra.

Similar to the emission spectrum we describe the atomic absorption spectrum at the
receiver ion. The two quartets of possible ¢ absorption channels as given in Eq. (4.23) and
Eq. (4.24) contribute now to the linewidth of one transition from Ds,, to P53/, which is the

91



4. Photonic interactions between distant single ions

linewidth of the excited P/, level of Av, = 22.992 MHz and the spectrum reads

s(v) _ 1 Avat
T2 (v ()

(4.30)

The individual absorption branches for the two different polarizations can be also written
in a similar way as in Eq. (4.26) and Eq. (4.27) such that the total absorption spectrum of
the receiver ion is . B
S(V)attor = —me s(v)a +5(v)a _ )
' [T (W) +s(v)g ) dv

(o]

(4.31)

which is shown as the black line in Fig. 4.13. For a magnetic field of 2.2G we obtain a
transition linewidth which is slightly broadened. Finally, the laser spectrum is also given
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Figure 4.13.: Emission spectrum of single photons from the sender ion for a magnetic field
of 2.3 G (blue line) and spectral shape of the 854 nm laser (red line). Black line: Absorption
profile of the receiver ion for a magnetic field of 2.2 G. For the sake of clarity, all spectra are
normalized to unity.

by a Lorentzian function (red line in Fig. 4.13), now with a typical spectral linewidth of
Avyaser = 300 kHz. Since we set the laser to the resonance frequency in the experiment we

obtain
1 AVLaser

il —raser 4.32
27 1/2 + (Avliaser)zl ( )

S (V)Laser =

which is normalized by [ s(V)paser dv = 1.

In order to compare the two absorption probabilities we first derive the spectral overlap
between the full photonic spectrum and the atomic absorption spectrum. By numerical
simulations with the optical Bloch equations, we see with the given experimental laser
parameters, particularly the laser polarizations, an almost equal population distribution
in the P53/, level of the sender ion as well as in the Ds/; level of the receiver ion. Thus
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4.3. Comparison between absorption probabilities

the assumption for an equal population distribution is satisfied and we write the spectral
overlap as,

Xph = /_ S(V)ph, tot ° S(V)at,tot dl/. (433)

We compare this result to the overlap between the laser spectrum and the absorption spec-
trum

XLaser — L S(V)Laser : S(V)at,tot dv. (434)
From both values we calculate the ratio of
Alaser _ 4 o (4.35)
Xph

We find that this value is close to the measurement ratio of 1.9(6) for the given error mar-
gins. The theoretical value shows that the spectral properties of the photons do not have
a huge influence on the absolute value of the absorption probabilities as long as the spec-
trum remains narrower than the atomic line. One parameter which is not precisely known
is the polarization of the sender photons. Even though we know their emission spectrum,
if we assume an equal probability distribution, the polarization experiences changes by
the optical elements in the optical path to the single-mode fiber and to the receiver ion. We
analyzed this situation and found that the absorption probability of the photons is reduced
if the o polarizations are completely swapped and thus the ratio in Eq. (4.35) is increased to
1.3. Further deviations might occur by a non-equilibrium in the populations at the sender
and at the receiver ion. The complex interplay of laser parameters like intensity, detuning
and polarization of the lasers involved in the excitation for photon generation in the sender
ion and in the preparation of the D5/, level in the receiver ion makes it hard to simulate the
real distribution. This could only be achieved by individual laser spectroscopy, in order to
determine the real intensities, detunings and polarizations at the position of the ion.

4.3.1. Discussion of absorption probabilities

The absorption probability of single photons by a single ion in free space is a quantity
which is composed of many photonic as well as atomic properties. Ongoing research
demonstrates the importance of this topic concerning the free space spatial mode matching
of the incoming light with the single quantum emitter [53, 112, 118] and leads to novel trap
designs for enhanced optical access [119]. Alternatively, strong coupling between light and
matter is achieved by placing an atom inside a high-finesse resonator, known as the field
of cavity quantum electrodynamics [120, 121, 122].

Concerning the coupling between ions and photons, enhancement of the coupling can
be reached by the improved spatial overlap [112]. More precisely, in the ideal case the
photons which are sent to the ion should mimic a dipole wave [123] similar to the dipole
emission profile. From this mode one expects the highest electric field in the focus at the
ion. So far, there are designs of a mode converter, i.e. a deep parabolic mirror where a
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4. Photonic interactions between distant single ions

plane electromagnetic field is transformed into an inward-moving dipole wave. With the
mirror, single-photon absorption efficiencies close to 100 % are intended [124]. This means
that in free space, a high coupling between photons and ion can only be achieved if the
full solid angle weighted with the angular emission pattern for 7t and ¢ light is covered
by the incident photon wave packet. For example, for perfectly exciting 7t transition, one
would have to mimic the dipolar emission pattern which is shown in Fig. 2.6(a) with the
incoming photonic wave packet, including the proper polarization at any spatial point.

In our case we know that the NA of the HALO limits the maximum solid angle which is
occupied by the incoming photon along the quantization axis. Thus the maximum absorp-
tion probability given by the spatial overlap between the incoming photon and the dipole
emission pattern is HALO limited by

Pabs, max = 6 % (4.36)
P max = 0.51% (4.37)

if the HALO axis is parallel to the magnetic field direction. Taking account of the oscil-
lator strength and the highest squared Clebsch-Gordan coefficients for a ¢ transition (12)
and 7t transition ( %), the maximum absorption probabilities have to be weighted by the
branching fractions and we obtain

pgbs, max, 854 =6 0/0 -5.87 0/0 . % =235- 1074. (438)
P, max, 854 = 051% -5.87% - & =1.2-107% (4.39)

4.3.2. Uncertainties in 854 nm absorption probability

Comparing the number of Eq. (4.38) to the measured absorption probability in Eq. (4.19)
for sending triggered photons from the sender ion we see that the expected value is still
higher by one order of magnitude. If we incorporate the mode-matching efficiency of
single photons from the sender into the single-mode fiber, the maximum success rate is
given by

Piccess, max, 854 = 6% +5.87% - 2.1% - 10 = 4.9-107°. (4.40)

Possible uncertainties responsible that we do not reach these values are manifold and hard
to determine. This starts with a population distribution which is not precisely known in
the sender and receiver ion. This causes different weights of CGCs on the possible decay
channels at the sender and absorption channels at the receiver. Next, the amount of polar-
ization change through the optical elements in the optical path is not known. Furthermore,
the incoupling of the photons into the single-mode fiber changes the spatial profile of the
photons out of the HALO to the mode of the single-mode fiber. This might be a minor
effect but is not the situation of the ideal case, which would be the face-to-face situation of
the two HALOs. Then the light emitted by the sender ion could directly be absorbed at the
receiver, i.e. the spatial profile and the polarization would not be changed.
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Summary

In the present chapter we showed direct photonic interaction between two distant single
ions at two different wavelengths. For continuous photon generation at 393 nm, they were
coupled via free-space transmission from the sender ion to the receiver ion, where ab-
sorption was heralded by a quantum jump from bright to dark. From a histogram of dark-
period lengths we determined the decay rate of the D5/, level which is in agreement within
the error margins by the reference value. With a measured absorption rate of 24.52(7) s},
we estimated the maximum absorption probability per photon to be 3.6 - 10~*.

In the second part of the chapter we showed a state-of-the-art experiment for heralded
individual photon absorption by a single ion. In continuous mode, up to 1.2 - 10*s~! pho-
tons are coupled into a single-mode fiber and are transmitted between the ions, leading
to a reduction to 24 % of the D5/, lifetime and a single-photon absorption probability of
2.6(5) - 10~%. We compared the absorption probability of triggered single photons from the
ion with narrowband laser photons. The measured ratio between laser photons and pho-
tons from the ion of 1.9(6) is within the error margins close to the expected value from the
theoretical model. Finally, we showed in triggered photon-transmission mode the correla-
tion function between the emission trigger of single photons, i.e. the onset of the 850 nm
laser, and the photon absorption, heralded with close to 100 % efficiency by a quantum
jump at the receiver ion. Within a time resolution of 3 ps, which is set by the detection rate
of fluorescence photons, the correlation function reveals coincidences of both processes.
Here we reach an absorption probability of 2.4(5) - 10~* and an overall success probability
of 4.8(7) - 107°.

In both experimental configurations we showed proof-of-principle experiments for pho-
tonic interaction measurements between two distant single ions that can be viewed as an
interim stage towards the realization of quantum networking experiments between distant
single ions.
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5. Experimental tools for atomic state
preparation

The experiments presented so far in this thesis were executed without regard to the co-
herent manipulation of the internal state of the ion both prior and after the spontaneous
Raman-scattering process. However, for establishing a real quantum network and using
the ion as a real quantum processor therein, it becomes indispensable to include the con-
trolled coherent manipulations on the qubit transition of the ion.

In °Ca™, the transition of choice for coherent manipulations is the optical qubit tran-
sition from S;,; to D5/, at 729 nm wavelength. For coherent manipulations on the Sy,
to D5/, quadrupole transition, J. Huwer set up and characterized within his Ph.D. thesis
[82] a narrow-bandwidth laser at 729 nm, which serves as the workhorse for many tasks in
ion-trapping experiments, including quantum-logic operations with one [125] or multiple
ions [21], state discrimination by electron shelving [126], sideband cooling to the motional
ground state [126] and preparation of coherent superpositions between Zeeman substates
in the D5/, level. The controlled addressing of this transition is essential for the creation
of coherent superposition states in D5/, necessary to investigate the coherence of 393 nm
Raman-scattering process. This can be seen as a prerequisite for the quantum state transfer
from 854 nm photons into the electronic ground state of the ion.

This chapter introduces the tools which are necessary to coherently manipulate the elec-
tronic state of the ion. First the subsequent parts of the experimental sequence are intro-
duced step-by-step. Then three experimental applications of the sequence are presented,
namely the 729 nm carrier spectroscopy, the 729 nm pulse length scan and the 854 nm spec-
troscopy.

5.1. Experimental setup and sequence

In Fig. 5.1 the experimental setup for coherent manipulations is shown. The 729 nm laser
is sent into the trap at 45° with respect to the direction of the magnetic field, the latter
being oriented perpendicularly to the HALO axis. With a polarizing beam splitter (PBS)
and a half-wave plate (HWP) the polarization of the 729 nm laser is set to excite allowed
quadrupole transitions from S; /, to Ds ;. For optical pumping of the population to a Zee-
man substate in S; /, we use the 397 nm pump laser which is sent antiparallel to the quan-
tization axis, i.e. to the direction of the magnetic field and which is adjusted to circular
polarization with a combination of a PBS, HWP and QWP. The 397 nm and 866 nm laser
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397 nm pump PMT

854 nm

397 nm

Figure 5.1.: Experimental setup for coherent manipulations on the S;,, to D5/, transition
with the 729 nm laser at 45° with respect to the magnetic field B, pointing now perpendic-
ularly to the HALO axis at which fluorescence light is collected and sent to a PMT. Optical
pumping is facilitated by the 397 nm pump laser whose polarization is adjusted by a com-
bination of a polarizing beam splitter (PBS), a quarter-wave (QWP) and half-wave plate
(HWP).

are used for Doppler cooling and the 854 nm laser for repumping the residual population
from the D5/, level after the coherent excitation with the 729 nm laser. The scattered fluo-
rescence photons at 397 nm are collected with one HALO, coupled to a multi-mode fiber
and detected with a PMT.

In the following we explain a typical laser sequence shown in Fig. 5.2 that is used to per-
form coherent manipulations on the 729 nm transition. The sequence starts with Doppler
cooling followed by a optical-pumping period. In the third part, coherent manipulations
on the 729 nm transition are executed. Finally, with the state detection period we discrimi-
nate with the 397 nm fluorescence, if the ion is in the S; /; or in the D5/, level. The sequence
parts are now individually discussed in detail.

Doppler cooling

With the Doppler cooling technique we want to reduce the motion of the ion to achieve
a low mean motional quantum number of the ion, as discussed in Sec. 2.2. Furthermore,
efficient Doppler cooling provides a low damping in Rabi oscillations on the S/, to D5/,
transition and thus making a high population transfer from the S; , to the D5, level fea-
sible [82]. It turns out, that the quality of Doppler cooling is very sensitive to the 397 nm
and 866 nm laser parameters as the detunings and intensities. Once we have found the
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Doppler Ground-state Coherent State
cooling ' pumping ' manipulations ! detection
397 nm ] !
866 nm A
397 nm o I— !

729 nm ' _—
PMT gate : '

Figure 5.2.: Sequence for excitations on the S;/, to D5/, transition with coherent manipu-
lations (variable durations), initialized by Doppler cooling (100 ps) and subsequent optical
pumping (5ps). The sequence ends with a state-detection phase (100 us), incorporating
fluorescence-sensitive state discrimination between the S/, and D5, level. For details see
text.

best laser parameters for good Doppler cooling it becomes indispensable to have the same
laser parameters every day. However, on this timescale the transfer cavities used for the
laser stabilization scheme (cf. Sec. 1.2.2) experience barometric changes that cause a slight
variation in the laser frequency once they are locked to the cavities. In order to compen-
sate for these changes, we have to perform 866 nm spectroscopy every day to calibrate the
397 nm and 866 nm laser parameters for further measurements. With our pulse sequencer
we apply a frequency sweep to the 866 nm AOM. For each frequency point we integrate the
steady-state scattered fluorescence light at 397 nm for 100 ms integration time and obtain
a fluorescence spectrum like the one in Fig. 5.3. The magnetic field lifts the degeneracy of
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Figure 5.3.: 397 nm fluorescence spectrum for different 866 nm detuning; the red line is
fitted to the data by numerically solving the Bloch equations. Around zero detuning, 4
dark resonances become clearly visible. From the fit we obtain a Rabi frequency for the
397nm laser of (0397 = 27 - 6MHz and a detuning from resonance by -14.4MHz. The
866 nm laser has a Rabi frequency of (ggs = 277 - 13.4 MHz.
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5. Experimental tools for atomic state preparation

the Zeeman substates. The 397 nm (vertically polarized) and the 866 nm laser (horizontally
polarized) are both sent parallel to the quantization axis to the ion. As already pointed
out in Sec. 3.2.2 we find for equal detunings of the 866 nm and 397 nm laser a decoupling
from the P, /; state which leads with the laser polarizations and the Zeeman splitting to the
appearance of 4 dark resonances. We see that the population in the P; ; level is reduced in
the dark resonances by an amount which depends on the relative phase coherence between
the two lasers. From fitting the Bloch equation model to the data we obtain the proper de-
tunings for both lasers that leads to the lowest mean motional quantum number of the ion.
With the best laser parameters, the ion is Doppler cooled in the sequence for a period of
100 ps, which is found as a trade-off between a proper cooling time and a high sequence
repetition rate.

Ground-state pumping

In the second part of the sequence we optically pump the population to one of the two
Zeeman substates in the S; /; level before we perform coherent manipulations on the Sy,
to D5/, transition. In Fig. 5.4 the level scheme for ground-state pumping is depicted with
all relevant transitions. With the circularly polarized 397 nm laser which is sent to the ion
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Figure 5.4.: Optical pumping of the population to the state |S; /2, —3) with a 0~ -polarized
laser at 397 nm. The 866 nm laser counteracts the decay to the D5, level.

anti-parallel to the magnetic field, we excite ¢~ transitions from |S; 5, +%> to |P1/2, —%)
from where it decays with a fraction of %, given by the Clebsch-Gordan coefficient, to the
S1/2, —3) state. The 866 nm laser repumps the population from the Dj, level. With this
configuration the 397 nm pump laser optically pumps the population to the |S;/», —3) state
within 5ps. We determine the pumping efficiency within this time to 99.88(1) % [107],
limited by the non-perfect ~ polarization of the 397 nm pump laser.

The successful pumping of the population into one substate allows us to completely
transfer the population into one of the D5/, Zeeman substates with a resonant 729 nm laser
pulse. Alternatively, the population is coherently distributed from |S; /2, +31) or [S1/2, —3)
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to different D5/, substates with controlled, subsequent 729 nm laser pulses for generating
coherent superposition states in D5, [82].

Coherent manipulations on the 729 nm transition

In the third part of the sequence, different 729 nm pulse sequences are executed, depending
on the type of experiment, which results in a different duration for this sequence part. This
contains sweeps of the laser frequency or laser pulse lengths as it is explained in Sec. 5.2.
The adjustment of the 729 nm polarization allows us to excite the quadupole transition
according to the selection rules |Am|= 0,1,2. More precisely, with ¢ as the angle between
the wavevector k and the magnetic field B, and <y as the angle between the linear laser
polarization and the direction of B, the excitation of all transitions shown in Fig. 5.5 is
enabled for the case that ¢ = y = 45° [82].

5
1 3 b
3 145 T3
D5/2 _%—j 2 2 -
g ="6/5 —_—

A

Figure 5.5.: The allowed quadrupole transitions between the Zeeman substates with selec-
tion rules |[Am|= 0, 1,2 of the S /, and D5, level including the magnetic quantum numbers
and the Landé factors g; as the measure for the level splitting from the external magnetic
field.

State-selective fluorescence detection

In the last part of the sequence, the 397 nm laser is switched on again with a laser frequency
and power that is adjusted for a higher fluorescence rate as for the case of Doppler cooling
and a counter in HYDRA records the photon clicks from the PMT for a 100 ps time gate for
a decision if the ion is in the S; /, or D5/, state. If the rate of scattered fluorescence photons
is high, then the detection projects the ion onto the S; , level. If the ion is in the D5/, level,
it remains dark and no photons (except detector dark counts and laser stray light) are de-
tected. Thus the ion is projected onto the D5/, level. For a typical measurement, e.g. 729 nm
spectroscopy, the total measurement range is divided into N measurement points. For each
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measurement point, the sequence is repeated many times in order to obtain statistics to de-
rive the D5/, state occupation in the following way: for each sequence cycle, the number
of 397 nm fluorescence counts is integrated for a fixed time and compared to a threshold
which is used to distinguish between the bright and dark level [126]. The threshold num-
ber of fluorescence counts is determined as the value for which the error probability for a
wrong decision, i.e. the ion is identified to be in S/, while it was in D5/, and vice versa,
is minimized. For this criterion, we find the optimum integration time together with the
requirement to have it short for fast sequence repetition rates to be 100 ps. If the ion is in
the Sy, level, the typical fluorescence rate is ~ 1.5 - 10°s~! while it is 100s~! for the case
that the ion is in the D5/, level. For such scattering rates a histogram of the number of
counts in 100 ps for a total number of repetitions of 2 - 10° is shown in Fig. 5.6. The opti-
mum threshold for separating the two states is found to be 2, with an error probability of
1.3-107° [82].

Occurrences

0 10 20 30
Counts in 100 us

Figure 5.6.: Histogram for state discrimination between Ds,, and S/, for a state detection
time of 100 us. The 397 nm and 866 nm laser parameters are chosen such that the contin-
uous scattering rate of fluorescence photons for Sy, is 1.55 - 10°s~! whereas the rate for
D55 is 100 s~1. The optimum threshold for a distinction between the two states with the
smallest error probability is at 2.

So far, we only know how to distinguish between the S;,, and D5/, level. In order
determine the amount of population which is transferred from S;,, to Ds,, during the
coherent-manipulation phase, we use a Bayesian-inference approach, which is derived in
[107] and summarized in App. A.2.
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5.2. Carrier spectroscopy and pulse-length scan

After the introduction of a typical sequence we now present two examples for coherent
operations during the coherent manipulation period.

Carrier spectroscopy

For resonant excitation of qubit transitions we have to know precisely the transition fre-
quencies that are highly sensitive to magnetic field fluctuations. We see long-term drifts
of the magnetic field as well as minor drifts of the high-finesse cavity to which the 729 nm
laser is stabilized. Thus we perform spectroscopy on a daily basis between different Zee-
man transitions from S; /, to D5, to obtain the precise value of the transition frequency. We
choose carrier transitions, i.e. those which do not change the motional state of the ion. After
the ion is optically pumped to the |S; /5, —3) state, the selection rules for the quadrupole
transition |Am|= 0,1,2 allow us to excite the ion on 5 different transitions as shown in
Fig. 5.5. Fig. 5.7(a) depicts such a spectroscopy measurement on the carrier transition from
S1/2, —3%) to |Ds,2, —3). For a fixed pulse length of 200 us and laser power in the range of
1pW, the laser frequency is detuned by an AOM which is driven by the pulse sequencer
HYDRA. The pulse width is chosen to be 200 ps, leading to a Fourier width of 800 Hz. This
is still smaller then the incoherently broadened linewidth of the transition which we ob-
tain from the fit (red line) of 2.69(5) kHz. The broadening is mainly given due to magnetic
field fluctuations. With the resonance frequency that we obtain from the fit we perform a
pulse-length scan which is discussed below.

Pulse-length scan

In order to coherently transfer the population with so called Rabi pulses from S; /; to D5,
we execute pulse-length scans to infer the duration ¢ for different pulse areas, e.g. a 7
pulse, which is defined with the Rabi frequency O by the relation O -t = . After we
obtained the resonance frequency from spectroscopy, we set the AOM to the correspond-
ing value and perform a pulse-length scan. The pulse-length scan is performed for the
electron-shelving technique, i.e. through the transfer of the population of one S/, Zeeman
sublevel to one D5/, sublevel. There it is not sensitive anymore to the onset of the 397 nm
cooling laser which discriminates between S; /, and Ds ,. Fig. 5.7(b) displays a pulse length
scan on the |Sy,,, — %) to |Ds o, — %) transition. The pulse length is varied from 0 to 10 ps
in steps of 50 ns. For every time step the sequence is repeated 500 times to obtain statistics
for calculating the |Ds /5, —3) occupation. The pulse-length scan is executed for an optical
power of 63mW. We see damped Rabi oscillations, where the damping originates from
the thermal distribution of the ion’s motion that leads to a thermal distribution of different
Rabi frequencies [127]. Good Doppler cooling conditions are required in order to minimize
this effect. For longer pulse-length scans, additional damping occurs due to magnetic field
fluctuations that enters with the coherence time of T; = 340(3) pus, measured in a Ramsey
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Figure 5.7.: (a) Pulsed spectroscopy on the [Sy /5, —3) to [Ds,», —3) carrier transition for an
optical power in the range of 1pW and a pulse length of 200 ps. For every frequency step
of 200 Hz, the sequence is repeated 500 times. The fit (solid line) yields the resonance fre-
quency to be at —8.86395(2) MHz and a Rabi frequency of 2.63(3) kHz. (b) 729 nm pulse-
length scan on the [S;/, —%) to |Ds/, —3) transition for 63mW optical power. The fit
yields a Rabi frequency of 202.7(2) kHz and a duration for a 7t pulse of t,; = 2.447(2) ps.

experiment for the S5, —3) to |Ds/», —3) transition. The fit in Fig. 5.7(b) yields a maxi-
mum population in |Ds/, —3) of 97.8(6) %. From the high value we see that we transfer
almost all population with a 7 pulse from [S; /2, —1) to |Ds/2, —3)1. Now we are also able
to generate coherent superposition states in D5 /». For example, given that the population is
initialized by optical pumping in |S1,2, —3), a Z Rabi pulse on the |S1,5, —3) to |Ds,2, —3)
transition transfers 50 % of the population to |Ds 5, —%) A subsequent 7t pulse transfers
the remaining population in |S;/5, —3) to |Ds/, +3), which generates the coherent su-
perposition state of % (IDs/2, —3) + |Ds/2,+3)). These states play an important role in
single-photon interference experiments and are explained in more detail in Chapter 6.

5.3. Spectroscopy at 854 nm

After we prepare single Zeeman substates or even coherent superposition states in the D5/,
level, the controlled transfer of this population within a Raman process to the S;/, ground
state needs a precise knowledge of the 854 nm resonance frequency and the 854 nm Rabi
frequency. Thereto we incorporate a sequence for 854 nm spectroscopy.

We perform 854 nm spectroscopy in a pulsed sequence according to the scheme shown
in Fig. 5.2, but with an additional 854 nm pulse between the coherent-manipulation and
the state-detection phase. In the coherent-manipulation phase, we perform a 7t pulse on

ISimilar high values are also obtained if we perform 7 pulses to other D5/, Zeeman sublevels.
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the [S1/2, —3%) to |Ds/2, —3) transition. From the |Ds/», —3) state the 854 nm laser typically
transfers the population via the P53/, level to the S;/, level within 3us, and we measure
the remaining population pp(Agss) in D5/, as a function of the 854nm detuning Agsy by
fluorescence-sensitive state detection. This is depicted in Fig. 5.8(a). We see that around
zero detuning the 854 nm laser transfers most of the population to the S/, level. We use
the following relation

op(Asss) = pp(0) - e~ RoslAess)T (5.1)

with the pulse duration T to solve this equation for the detuning-dependent repumping
rate Rp_,s(Ass4) which is plotted Fig. 5.8(b). By fitting the relation in Eq. (2.43) to the data,
the rate allows us to obtain directly the Rabi frequency (2gs4 and the resonance frequency
from the fit.

1 0.4
g s e AV i
2 ".': - 9]
z 5
= Fione .""““ =
<|nN alA =
~ =}
> 3
A [
0 ‘ : ‘ 0 ‘ : :
-40 -20 0 20 40 -40 -20 0 20 40
854 nm detuning (MHz) 854 nm detuning (MHz)
(a) (b)

Figure 5.8.: 854 nm spectroscopy on the |Ds/5, —3) to |P3 /2, —3) transition for 1 pyW of op-
tical power. (a) The remaining |Ds/,, —3)-state population as a function of the 854nm
detuning for a 854 nm pulse duration of 3 ps. (b) Repumping rate Rp_,s as a function of the
854 nm detuning. The fit (red solid line) yields the resonance frequency at —0.67(9) MHz
and a Rabi frequency Qgss = 1.222(4) MHz.

Summary

In this chapter I presented the experimental tools for atomic state preparation in the S/,
and the D5/, level. With the 866 nm spectroscopy we obtained laser parameters for efficient
Doppler cooling. In order to coherently distribute the population from the S; /, level to the
Zeeman substates in the Ds, level we first initialized all the population in |S; 5, —3) by
ground-state pumping with an efficiency of 99.88(1) %. Together with the state-selective
fluorescence detection we showed a 729 nm carrier spectroscopy and a 729 nm pulse-length
scan. The latter yielded after a 7 pulse a population in |Ds,5, —3) of 97.8(6) %. Finally we
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5. Experimental tools for atomic state preparation

showed the 854 nm spectroscopy to obtain precise values for the 854 nm detuning and Rabi
frequencies.

With all these techniques at hand we are able to prepare specific Zeeman substates and
coherent superposition states in D5 /,. With the precise knowledge of the 854 nm detuning
and Rabi frequency we can analyze how the coherent superposition states in the D5, level
are transferred into the 393 nm Raman scattering process which is the content of Chapter 6.
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6. Quantum interference for quantum
networking experiments

After we introduced the tools enabling coherent manipulations on the qubit transition and
having the spectroscopy techniques at hand, we are now able to study a new type of spon-
taneous Raman scattering process, which includes quantum interference phenomena. The
latter goes back to the early description of quantum mechanics, where the appearance of
quantum beats caused by interference of emission paths from excited atoms was already
predicted [128]. In current quantum-network experiments with single atoms as nodes and
single photons transferring information between them [36, 31], quantum interference is an
essential feature which allows for entangling the nodes [44, 40, 43] and employing coherent
phenomena at atom-photon interfaces to faithfully convert quantum information between
photonic communication channels and atomic quantum processors [37]. As our group in-
vestigated such an interface concerning the controlled absorption of photons by a single
ion and the emission of photons from a single ion, we proceed with the investigation of
the quantum-coherent character of the absorption and emission of single photons through
the interference between indistinguishable quantum channels in a single atom. The major
part of the following chapter is also found again in our publication [129].

Experimental evidence of quantum beats was first observed for pulsed optical excitation
of atoms with two excited states decaying to the same ground state [130], and later for
continuous excitation with a coherent superposition state in a calcium cascade [131] and
in cavity-mediated systems with coherent ground states [132]. For a single trapped ion,
transient effects of the internal dynamics showed oscillations in scattered photons through
interference in absorption [133].

In the following chapter we describe the controlled generation of quantum beats in
a spontaneous Raman-scattering process of single 393 nm photons by the absorption of
854 nm laser photons in two distinct excitation schemes, called A and V. For both schemes
we utilize the control of the qubit transition at 729 nm to generate a coherent superposi-
tion state of two Zeeman substates in the metastable D5/, manifold. After a theoretical
introduction in Sec. 6.2 we present arrival-time distributions of detected 393 nm photons
in Sec. 6.3, which reveal quantum beats that are controlled through changes of the phase in
the atomic superposition and the polarization of the photonic input state. We further an-
alyze the phase-dependent photon scattering probability in Sec. 6.4 and finally reveal the
two distinct physical origins of the quantum beats in Sec. 6.5, namely, quantum interfer-
ence of two 854 nm absorption amplitudes and two 393 nm emission amplitudes, respec-
tively. The two absorption-emission pathways resemble a which-way experiment where
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6. Quantum interference for quantum networking experiments

indistinguishability is maintained by a quantum eraser [134].

6.1. Experimental setup and sequence

The experimental setup is illustrated in Fig. 6.1 and shows all lasers involved in the se-
quence except the two cooling lasers at 397 nm and 866 nm which are omitted for the sake
of clarity.

397 nm pump

854 nm

re p u ﬂ! p PMT
\ PBS
\ HWP

QWP

PBS HWP

393 nm PBSsos
729 nm

W | H> 15 §
JU-e

V>34,

854 nm

PBS

Figure 6.1.: Schematic of the experimental setup: of the various laser beams, we emphasize
the 854 nm laser which is sent to the ion parallel to the magnetic field and whose polariza-
tion is adjusted by a combination of a polarizing beam splitter (PBS), quarter-wave plate
(QWP) and half-wave plate (HWP). The detection of Raman scattered 393 nm photons is
performed perpendicular to the quantization axis. With the PBSz93 the polarization is pro-
jected onto a linear basis, i.e. we only transmit horizontally polarized photons |H)393, while
the vertically polarized ones |V)393 are reflected to the side. With a rotation of the PBS393
by 90° we swap the transmitted photons to |V)393 and the reflected to |H)393, respectively.
In this configuration the |H)393 photons are reflected upwards. The transmitted photons
are coupled to a multi-mode fiber and detected with a photomultiplier tube (PMT).

The sequence is shown in Fig. 6.2. It starts with 25 ps of Doppler cooling of the ion on the
S1/2-P1 /2 transition, facilitated by a 397 nm laser and an 866 nm laser, repumping the pop-
ulation from the metastable D3, level. The 854 nm repump laser from 45° with respect to
the quantization axis takes any remaining population in D5, from the preceding cycle into
the cooling cycle. Subsequently, a right-handed circularly polarized 397 nm pump beam
which is sent to the ion anti-parallel to the magnetic-field direction serves for optically
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6.2. Theoretical analysis

pumping the ion to the |S;/,, — %) state within 5 ps. With two pulses from the 729 nm laser
entering under 45° we create a coherent superposition state in D5/, which is excited to the
P53/, level by the absorption of an 854 nm laser photon. The 854 nm laser is sent along the
quantization axis with controlled polarization, set by a combination of a PBS, QWP and
HWP. The Raman-scattered 393 nm photons are collected by the HALO perpendicularly
to the quantization axis and are filtered by their polarization degree of freedom through
a projection onto a linear polarization basis. Fig. 6.1 shows the transmission for horizon-
tally polarized photons [H)393. By a rotation of the PBS by 90°, we can swap to vertically
polarized photons |V)393 in transmission. In both cases, the photons are multi-mode fiber
coupled and detected by a PMT within the photon-generation period. Alternatively we
open the PMT gate after the photon-generation period, i.e. we collect 397 nm fluorescence
photons during state detection for D5/, population-analysis experiments.

Doppler Optical  Coherent Photon  State
cooling E pumping Emanipulations:generationidetection

397 nm ] 1 1 ]
866 nm ]
397 nm o~ — ! !
729 nm ' ' E

PMTgate

Figure 6.2.: Experimental sequence composed of Doppler cooling for 25 ps followed by op-
tical pumping to |S;/2, —3) for 5 ps. Subsequently, a sequence of two 729 nm pulses creates
a coherent superposition state in D5,,. Depending on the experiment we open the PMT
gate for detecting 393 nm photons in the photon-generation period or analyze the remain-
ing population in D5, after photon absorption in the state-detection period.

6.2. Theoretical analysis

Before we show experimental results, we first introduce a compact theoretical description
of the population transfer from D5/, to S;/,, which emphasizes the coherent evolution of
the internal states for the two different level configurations. Fig. 6.3 shows the A- and
V-type level configuration with the relevant transitions and the squared Clebsch-Gordan
coefficients (CGCs). After the preparation of the |S;,,, —3 ) state, two 729 nm laser pulses
initialize a coherent superposition state for both schemes,

¥ (t)) = /p1 [Ds/2, mp) + 21 /03 |Ds o, mpy) (6.1)

with populations p; and p, adjusted by two consecutive resonant pulses from [S; ), —3).
With the superposition state, the ion starts to precess in the magnetic field with the Larmor
frequency. The phase ®p(t) = Pp(0) + wit is composed of a starting phase ®p(0) which
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Figure 6.3.: (a) The A-shaped system consisting of |Ds/», —3 ), +3) and [P35, —3),
including the relevant transitions with their squared Clebsch Gordan coeff1c1ents (b) The
V-shaped three-level system consisting of [P35, —3), +3) and [Sy/2, — %), including
the relevant transitions with their squared Clebsch Gordan coeff1c1ents Orange arrows:
absorption of 854 nm photons (¢ and ¢~). Blue wavy arrows: emission of 393 nm pho-
tons. Gray: parasitic absorption (854 nm) and emission channels (393 nm).

is set by our sequence controller HYDRA as the relative phase between the two 729 nm
pulses and a part oscillating at the Larmor frequency

w=LE2Am;-g;-B, 6.2)

including the magnetic field B, the Landé factor ¢; = ¢/5 and the Bohr magneton 5. The
polarization state of the laser photons at 854nm is defined as a superposition of two or-
thogonal states, namely right (|R)) and left (|L}) circularly polarized light

|s5a) = cosg IR) + singeiCI>854 IL) . (6.3)

Any linear photonic polarization state, such as horizontal |H), vertical |V), diagonal |D),
and antidiagonal |A) is adjusted by rotating the two wave plates (see Fig. 6.1) in the op-
tical path of the 854nm laser to change ®gs4, while ¢ is fixed to 7. With the propagation
direction of the incoming laser photons parallel to the applied magnetic field, the photon
polarization translates into the reference frame of the atom according to

|s54) = cos?d |+1) + sinde' s | —1), (6.4)

whereby |mgss) = |£1) stands for the photon polarizations that effect Am = 41 (i.e. 0=)
transitions, respectively, between the Zeeman sublevels of Ds,, and P3,,. The coupled
quantum system is represented by a joint state between photon and atom,

[¥(t)) = |$p(t)) ® |ihssa) - (6.5)
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6.2. Theoretical analysis

We use our well-established formalism from [102] and describe the absorption process by
the following absorption operator

A= Z Conp,mgss,mp Cmp,mp (8) |mp) (mp] (mgs4| (6.6)

mp,mp

where mgsy = 0,%1, and Cyp g, mp are the Clebsch-Gordan coefficients (CGCs)!. The
proper description of the absorption process requires taking into account the detuning-
dependent atomic response

Cnpmp () = [6(A)[e1) 6.7)

which has a complex Lorentzian lineshape with linewidth I'p,,, and contains the atomic
phase response ¢(A) for different detunings A of the absorbed laser photons. Since the
absorption takes place on two absorption channels we expect the phase difference between
the two atomic phase responses to appear in the Raman scattering process as a function of
the detuning, which is currently under investigation. Here the 854 nm detuning is fixed
which results in a constant phase offset. We combine these coefficients according to

CmDrm854/mP Crnp,mp (A) = Cmp,mp (A) (6.8)

using mp = mp + mgsy. A = w; — wy is the detuning between the laser frequency w; and
the D5, to P3, line center wy, which is the frequency of the D5, to P53, transition for zero
magnetic field. The frequency of the line center is determined by 854 nm spectroscopy on
one of the two transitions. The detuning is then used to compensate for the different CGCs
in the two absorption channels (see Fig. 6.3), which is explained in detail in App. A.3.

After the absorption, the ion decays in a spontaneous (Raman) emission process to the
S1/2 ground state, described by the emission operator

E = 2 CmP,m393,ms |m393> |mS> <mP‘ ’ (6.9)

msg,mp

with m393 = 0, £1, corresponding to the transitions Am = 7,0c*. Applying the absorption
and emission operator to the joint state of Eq. (6.5) gives EA |ip(t)), a new joint state of the
atom in Sy /, and a single photon in the 393 nm mode. Since we collect only photons with a
certain polarization from transitions which ends in }Sl /2, —%> the detection of the 393 nm
photon projects the joint state onto |S;/,, — 1). In the following the theoretical description
is treated in more detail for both schemes.

6.2.1. Quantum interference in absorption: the A system

For the A-shaped level configuration, the ion is initially prepared in the state |S; 2, —3).
The first resonant § pulse at 729 nm transfers 50 % of the population to |Ds», +1) while

IThe definition that we use for the CGCs is related to “standard” notations through Cpup mgssmp

CY/2A372 | — (5/2,mp; 1, mgs4]5/2,1,3/2, mp), and likewise fOr Cup ises ms

111



6. Quantum interference for quantum networking experiments

the remaining population is transferred to ]Dg, /2, — 3> with a 7t pulse, which results in the
coherent superposition state

[Yp(t)) = \@ (|D5/2r—%> +el®r) \D5/2f+%>) : (6.10)

Applying the absorption operator to the joint state gives

Alp(t)) = /L cos§ copp1a(8) |Pajz, 1)
+ \@sing Cyips172(D) 0Pt | Py ) 1Y (6.11)

+ \/%cosg Ci1/a43/2(A) e!Po(t) ‘Pg/z, +%> .

Highest visibility of the quantum beats is expected when the interfering transitions have
equal weights. The amplitudes of the two absorbing paths are determined by the detuning
A, which is adjusted in order to compensate for the two different CGCs, i.e. such that
|c_3/5,—17,(A)| = |cq1/5,-1/,(A)| = c. For a linear photonic polarization state (¢ = 7J) it
follows

Alp(r) = Lo (1400 ®st) [P35, 1)

| (6.12)
+ ' 3600 Py, +3) .

with ¢’ = ¢/, 13,(A). Here the term (1 + ei®D(t)ei¢854) already shows the temporal inter-

ference of the two absorption paths in the amplitude of ’P3 /2, —%> which oscillates with
the Larmor frequency. The transfer of this oscillation to the emitted 393 nm photons is
obtained by applying the emission operator E,

EAIp(H) = /i (1 +8@D(t)€@854> 0) [S1/2,—3)
+ \/%C (1 +ei¢>D(f)eiq>854) |_1> ’81/2,+%> (6.13)
+ /3¢ [41) [S1/2,+3) -

As it is known from many quantum-interference experiments, the which-way information
of the interfering paths is strongly connected with the amount of quantum interference
one observes. The interference completely vanishes, if one knows which path the quan-
tum particle takes while it is fully available, if there is no which-way information [135].
For the interference experiment with single 393 nm photons this means that keeping indis-
tinguishability between the two interfering scattering channels is crucial to maintain the
interference in the 393 nm scattered photon. As it is seen from (Fig. 6.3(a)), the indistin-
guishability is guaranteed if the two absorption paths share the same emission channel,
which means that out of the three different decay channels, a selection of Am = 0, i.e. of 7-
photons will keep the quantum-interference character. A 7t-photon detected perpendicu-
larly to the magnetic field transforms to an |H)-polarized photon in the photonic reference
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6.2. Theoretical analysis

frame. The detection of these photons leads a projection 7t := |0) (0] of the joint state of
Eq. (6.13) onto |S; /2, — 1). The intensity of the emitted light is derived as

I o c*(1 4 cos (Pp(t) + Psss)) (6.14)

and shows the capability to be controlled by changing the photonic input phase ®gs4 or the
atomic superposition phase ®p(t) through the offset phase ®p(0). We note again that in-
terference happens in the absorption process, since two pathways lead to the same excited
intermediate state before the emission process takes place.

Influence of interference on the Raman scattered photons

From the angular distribution of the emission probability per time for 7t transitions, as
given in Eq. (2.72), we can formulate the time-dependent intensity distribution of 7t pho-
tons at 393 nm, emitted on the transition from |P3 /2 —%> to ‘51 /2, —%) As thisisa Am =
q = 0 transition, we describe the intensity using the spherical harmonic Y1,(6, ¢) as

I & [Y10(6, 9)|* sin®6 (1 + cos(Pp (t) + Psss)) (6.15)

Fig. 6.4 illustrates the emission for five different times  within one oscillation period with
the Larmor frequency wy, corresponding to five phase angles. Depending on the phase
angle we see the repetitive appearance and disappearance of the 7t photon emission pat-
tern, reflecting the constructive and destructive interference that occurs in the two 854 nm
absorption channels. The figure also shows the direction of the magnetic field B (black
arrow) and the solid angle covered by the HALO.

A ) 46

Op(t)=0 Op(t) = 1/2 Op(t)=m Op(t) =3m/2 Op(t) =2m

Figure 6.4.: Simulated intensity distribution of the dipolar emission pattern for the 7 tran-
sition from [P35, —%) to |S;/2, —3 ) which is modulated with the Larmor frequency of the
superposition state in Ds/,. With the time-dependent phase ®p(t) = wyt the emission
profile is shown for five times t corresponding to five different phase angles. It shows that
the emission of 393 nm photons pulsates perpendicularly to the magnetic-field direction B
(black arrow) into the solid angle (gray cone) covered by the HALO.

6.2.2. Quantum interference in emission: the V system

The V-type configuration and the corresponding excitation scheme for the generation of
393 nm photons is shown in Fig. 6.3(b). In contrast to the A-type configuration there are
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6. Quantum interference for quantum networking experiments

two emission channels (see blue wavy arrows in Fig. 6.3(b)) with different CGCs that are
involved in the interference process. To achieve a high visibility in the interference fringes
the two absorption and emission amplitudes should be equal. The different CGCs in the
absorption channels are compensated by the 854 nm detuning, similar to the A scheme.

The unequal CGCs of the two 393 nm decay channels are compensated for by an unequal
initial population distribution in D5, as explained in the following. For this we consider
first the two decay channels from |P;/,, +5 ). From the ratio of the two CGCs we see that
the probability to decay from |P3/5,+%) to |S1/2,—3) is only one third to the probabil-
ity to decay to |S;/2, +3). This means that if we transfer 75 % of the total population to
|P53/2,+3) only 25% decays via one of the interfering emission channels. As the popu-
lation in | P35, —3) totally decays to S1/2, —3) we have to transfer the same population
value of 25 % to |P3 2, — 3) to reach the same emission amplitudes for both decay channels,
ie. |P3/o,—3) to|S1/2,—5) and |P3/2,+3) to |S1/2, —3) and thus the highest visibility.

Starting in the eigenstate ‘81 /2 —%>, the first resonant 729 nm pulse transfers 75 % of
the population to ’D5 /2 —l—%> The remaining population is subsequently transferred to
|Ds/, — 2) with a 7-pulse, resulting in the coherent superposition state

[¥p(t)) = \/%\Dm,—@ +eiq>D<t)\/§\D5/2,+§>. (6.16)
Applying the absorption operator (Eq. (6.6)) to the joint state gives
A lp(t)) = \/%COS% C,5/2,73/2(A) ‘P3/2, —%>
+ \/%Sing C+3/z,+1/2(A) e P(t) piPess ’Pg/z, +%> .

The two different CGCs on the 854 nm absorption channels are again compensated for by
two different 854 nm repumping rates, set by adjusting the detuning A such that we write
|c_5/5—3/2(A)| = |c43/5,412(A)| = c. For a linear 854 nm polarization with phase ®Pgss, we
find

(6.17)

Alp(t)) = \/gc P32, —3) + @c e ei®sst [Py ) 1Y, (6.18)

Applying the emission operator (6.9) results in

EAIp(t) = (1-1) + 0@ [+1)) hc |81/, 1)
+1c ¢ P (1) gi®ssi | ) S1/2,+1).

(6.19)

The first term in this state shows the oscillating phase between two atomic (¢*) transi-
tions leading to interference of two emission channels when they are projected onto the
same axis to keep the indistinguishability in the polarization degree of freedom. The mea-

surement of the photonic superposition |V) = \/g (loct) — o)) projects the joint state of
Eq. (6.19) onto [Sy /2, — 1) which results in the intensity

I o 3c*(1— cos (Pp(t) + Pgsa)), (6.20)
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6.3. Quantum beats in arrival-time distributions

showing again oscillations at the Larmor frequency. The second term in (6.19) describes
the emission of parasitic 77-photons which transforms in the photonic reference frame to
|H). They are suppressed by rotating the PBS by 90° with respect to the A-case.

Influence of interference on the Raman scattered photons

In contrast to the A scheme, the two absorption channels are followed by two emission
channels from ‘P3 /2,+7> and ‘P3 /2, — > to the common ground state ‘Sl /2 — 1> corre-
sponding to a Am = q = +1 and Am = q = —1 transition. Thus the interference occurs in
the emission process, i.e. we formulate the intensity of the emission pattern by the super-
position of two spherical harmonics Y1,(0, @) as

4 2
I ‘Yl 11(8, @) + e POy, (6, 9) 1(1 4 cos?6) (6.21)

For the simulation shown in Fig. 6.5, we set the photonic phase ®g54 and atomic phase
®p(0) to zero and present the dipolar emission pattern for five different phase angles,
i.e. five different times t. Within one Larmor period we now see a rotation of the dipolar
emission pattern about the quantization axis due to a superposition of ¢~ and ¢, which
leads to a temporal modulation of the detected photons in the direction perpendicular to
that axis.

() = Dp(t) = 71/2 Dp(t) = 7t Dp(t) = 3m/2 Dp(t) = 27

Figure 6.5.: Intensity profile of the 393 nm dipolar emission pattern of the superposition
of o and ¢~ Raman-scattered photons, whose frequency difference leads to a rotation
about the quantization axis given by the magnetic-field direction B (black arrow). The
collection of the photons with the HALO perpendicularly to the magnetic field trans-
forms in the photonic reference frame to |V) polarization, making both emission channels
indistinguishable.

6.3. Quantum beats in arrival-time distributions

After the theoretical introduction we present the experimental results in the following
sections. An inherent experimental requirement for quantum interference between two
scattering paths is to keep indistinguishability in all degrees of freedom of the involved
quantum channels. In the A- and V-type level configuration, the two absorption channels
exhibit a frequency difference originating from the differential Zeeman shift of the two

115



6. Quantum interference for quantum networking experiments

D5/, sublevels, up to ~20 MHz for typical magnetic fields of ~3 G. The PMT time resolu-
tion of 300 ps sets a much lower frequency resolution and thus erases the information of
this frequency splitting [136]. The indistinguishability concerning the polarization is at-
tained by the detection perpendicular to the magnetic field of only |H)-polarized or only
|V)-polarized 393 nm photons (i.e. polarization parallel or orthogonal to the quantization
axis, respectively).

In the following we present the results for the A scheme. For this we first perform 729 nm
spectroscopy on the |Sy /5, —3) to |Ds», —3 ) transition and on the [S1 /5, —1) to |Ds,2, +1)
yielding a frequency difference between the two transition frequencies of 9.4 MHz which
leads to a Larmor period of 106.4ns. With the Larmor frequency we determine the mag-
netic field at the position of the ion to 2.8 G. The superposition state as given in Eq. (6.10)
is created by a first resonant  pulse (1.68 us) on the [S;,, —3) to |Ds 2, +1) transition
followed by a resonant 7 pulse (2.38 ps) on the |S; 5, —3) to |Ds 2, —3) transition. Then
we calculate the ideal detuning in order to achieve equal repumping rates on both tran-
sitions as presented in App. A.3. With the 854nm laser detuning of -15MHz, the power
of 50 uW and vertical polarization?, we generate 393 nm photons with an arrival time dis-
tribution that is shown as the blue circles in Fig. 6.6. We see that the exponential decay

800F.
600 &

40018, ]

Detection events

Figure 6.6.: A scheme: arrival-time distribution of single 393 nm photons from a coherent
superposition (blue circles) and a statistical mixture (black dots) in D5,,. Red line: fit to
the data by numerically solving the 18-level Bloch equations; green dash-dotted line: ex-
ponential fit to the data for the mixture; gray dotted line: exponential fit to the envelope
of the oscillation from which the visibility is determined. The bin size is 2ns with a total
measurement time of 10 min.

of the photon wave packet is modulated with a period of 106 ns, in agreement with what
we found earlier by the frequency difference of the initially populated Zeeman sublevels.

ZNote that all the following measurements in this chapter are performed with vertically polarized 854 nm
light, as long as the polarization is not changed within one measurement.

116



6.3. Quantum beats in arrival-time distributions

The data points are fitted by numerically solving the optical Bloch equations, including all
relevant sublevels and the projection of the final state according to the detection of an |H)-
polarized photon. The visibility of the oscillation, determined from the envelope of the fit
(gray dotted line) at the first maximum (and the corresponding minimum), is 93.1(6) %.
We attribute this value to the decoherence process from from Pj,, back to D5/, which has
a probability given by the branching fraction of ~ 6 %. In comparison to the quantum-beat
wave packet, we also show the arrival-time distribution for the case of an initial statistical
mixture in D5/, (black dots). The data set is generated by averaging the two individu-
ally recorded arrival-time distributions for the ’D5 /2 —%> to ‘Sl /2 —%> and }D5 /2 +%> to
|S1/2, —1) scattering processes. From the fit of the exponential decay (green dash-dotted
line) we obtain a decay time of 461(2) ns.

As the time-dependent intensities given in Eq. (6.15) and Eq. (6.20) contain two phases,
namely ®gs4 and Pp(0) that are adjustable experimental parameters, we want to investi-
gate their control which is shown in the following. First we study the dependance of the
the quantum beat of the 393 nm photons on the photonic phase ®gs4. The rotation of the
wave plates allows for adjusting the polarization, i.e. the photonic phase, to the canoni-
cal basis states |H), |V), |D) and |A) (and any value in between). For clarity, Fig. 6.7(a)
shows arrival-time distributions for only two polarizations, |D) and |A), out of the four
measured arrival-time distributions for the different polarizations. For an 854nm input
power of 50 uW, we set the detuning to -7.9 MHz, resulting in a higher repumping rate
than for the wave packet in Fig. 6.6 for the same input power. The phase difference of
Adgs4 = 180° set by the wave plates is revealed in the two oscillations and determined to
178.2(1.6)° by fitting the Bloch equations to the photons. The deviation is ascribed to the
remaining uncertainty in the proper adjustment of the 854 nm polarization with the wave
plates.

Besides the photonic phase, also the phase of the initial atomic superposition state & (0)
enters into the quantum beats. We change the phase by setting the phase of the second 729
nm pulse from [Sy /5, —3) to | D5/, —3 ) relative to the first pulse with the pulse sequencer
HYDRA. It drives the acousto-optic modulator setting the amplitude of the 729 nm laser.
The change in the phase of the quantum beats induced by a change of 180° is visible in
Fig. 6.7(a). From the Bloch-equation fit we extract a phase difference of 181.1(1.1)°. The
small deviation between the set values and the fitted values reflects the precise control that
we have over the atomic phase and thus the quantum phase in the quantum beats.

Similarly to the A scheme, we repeat the measurements for the V scheme. We first
perform again 729 nm spectroscopy on the |S; 5, —to D52, —2) transition and on the
|S1/2, —1) to |Ds 2, +3), yielding a frequency difference between the two transition fre-
quencies of 18.73 MHz that leads to a Larmor period of 53.4 ns. With the Larmor frequency
we determine the magnetic field at the position of the ion to 2.79 G. The superposition state
as given in Eq. (6.16) is created by a first resonant pulse (3.73 s) that transfers 75 % of the
population from the ‘Sl /2 —%> to }D5 /2 —|—%> level, followed by a resonant 7t pulse (2.5 ps)
on the ‘Sl /2, — %> to ‘D5 /2, —%> transition. With the 854 nm laser detuning of -6.5 MHz and
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Figure 6.7.: Phase control of the quantum beats in the A scheme. (a) Arrival-time distri-
butions of the 393 nm photons showing quantum beats for two different 854 nm input po-
larization states, |D) (red dots) and |A) (blue dots). (b) Arrival-time distributions showing
quantum beats for two values, 0 (green dots) and 7t (black dots), of the atomic phase ®p(0)
of the initial atomic superposition in D5,;. In (a) and (b), the corresponding solid lines
show the 18-level Bloch-equation fits to the data. The bin size is 2ns for 6 min measure-
ment time.

the power of 50 uW we achieve control of the phase in the 393 nm arrival-time distribu-
tions; changing the polarization of the incoming 854 nm photons and the atomic phase, set
with the second 729 nm pulse, we control the quantum-beat phase as already shown for
the A scheme.

Figure 6.8(a) shows the arrival-time distribution for two orthogonal 854 nm polarization
states, D) and |A), with a phase difference of 178.9(1.8)° determined by Bloch equation
fits to the data. In both wave packets we find the Larmor period ~ 53 ns as expected from
the frequency difference of both Zeeman sublevels in D5 ,. In Fig. 6.8(b), the phase ®p(0)
of the coherent superposition in Ds,; is chosen to 0 and 7 which is recovered from the
fits to 181.4(1.5)°. Similar to the A case, we observe only small deviations from the ideal
values, highlighting our precise control of both phases.

A high oscillation visibility in the detected photons needs an optimal population distri-
bution in the initial superposition state. For the V-type level configuration, we expect the
ideal case if we choose the distribution as 25% in |Ds/», —3) and 75% in |Ds/2, +3 ). Ac-
cording to the two CGCs at 393 nm, this distribution should compensate their difference.
This is verified with the following procedure: From the two pulses which prepare the co-
herent superposition state, the duration of the first pulse from [S;/5, —3) to |Ds/, +3)
is varied to adjust the amount of transferred population. The subsequent 7w pulse to
|Ds 2, —32) transfers the remaining population. The different CGCs for the two 854nm
transitions are compensated for by the detuning of -6.5 MHz for a magnetic field of 2.79 G
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Figure 6.8.: Phase control of the quantum beats in the V scheme. (a) Arrival-time distri-
butions of the 393nm photons showing quantum beats for two different 854 nm input
polarization states, |D) (blue dots) and |A) (red dots). (b) Arrival-time distributions show-
ing quantum beats for two values, 0 (green dots) and 7t (black dots), of the atomic phase
®p(0) of the initial atomic superposition in Ds/,. In (a) and (b), the corresponding solid
lines show the 18-level Bloch-equation fits to the data. The bin size is 2ns for a measure-
ment time of 10 min in (a) and 6 min in (b).

and the power of the 854 nm laser is set to 50 uW. In Fig. 6.9 the quantum-beat visibility
is shown for different amounts of population in |Ds,, +3). For every population value
we record the arrival-time distribution of Raman-scattered photons and determine from
two exponential fits to the envelope of the observed quantum-beat modulated photons the
visibility as presented in Fig. 6.6. The highest visibility value of 78.2(9) % is achieved for a
population of 75 %, in agreement with the ratio of the CGCs.

Compared to the A scheme the visibility value of 78.2(9) % is significantly reduced
which is mainly based on the distinct nature of the two interference phenomena. While in
the A scheme the emission probability is suppressed and enhanced (see Fig. 6.4) through
interference in the excitation amplitudes to the |P;,, +1) state, the situation changes in
the V scheme completely: The interference in the two emission amplitudes causes a spatial
rotation of the dipolar emission pattern, which was shown in Fig. 6.5. As the HALO covers
a limited solid angle, it also collects a small fraction of the dipolar emission for the case that
the preferred emission direction is perpendicular to the HALO axis.

We calculate the theoretically expected visibility for the V scheme. Thereto we have to
numerically evaluate Eq. (6.21) for the cases ®p(t) = 0 and Pp(t) = 7, i.e. for a minimum
and maximum emission into the solid angle of the HALO. For calculating the amount of
light which is collected by the HALO perpendicular to the magnetic field we apply the
coordinate transformation as given in App. A.4 to the expression in Eq. (6.21). For the two
phase values we calculate a maximum HALO collection efficiency for ¢ photons of 6.26 %
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Figure 6.9.: V scheme: quantum-beat visibility as a function of the initial population in
|Ds/2,+3). The values for the visibilities are determined by exponential fits of the en-
velopes of the measured quantum-beat photons.

(for @p(t) = ) and a minimum collection efficiency of 0.27 % (for ®p(t) = 0). From both
values we obtain a maximum visibility of 91.7 % which is limited by the solid angle of the
HALO. If we include the reduction in visibility due to decoherence due to the decay from
Pz, to D5/, of ~ 6% as for the A scheme we remain with a visibility of ~ 86 %. We see
that this value is still higher than the one derived from the data. This is attributed to the
position of the HALO. It is not perfectly perpendicular to the magnetic field and aligned
such that in the minimum intensity distribution, some light still enters into the solid angle
of the HALO.

6.4. Phase-dependent photon-scattering probability

The quantum-beat wave packets presented in Fig. 6.7 and in Fig. 6.8 extend over many
periods of the underlying Larmor precession. This means that the detection efficiency,
i.e. the probability to detect a photon per excitation attempt is nearly independent of the
two phases ®p(0) and Pgss. Here we show that the situation changes if we generate pho-
tons with durations short compared with the Larmor period, and we determine the detec-
tion efficiency as a function of the phase ®p(0).

For the A-type level configuration we reduce the magnetic field to 0.538 G and thus in-
crease the Larmor period to 553.4ns. The photon-scattering probability changes with the
Larmor period, which requires the photon duration as short as possible (at least shorter
than the Larmor period). This leads to the highest sensitivity of the whole wave packet to
enhancement and suppression due to interference. Therefore we use the highest 854 nm
power available of 2.9 mW and an excitation pulse of 12.5ns which is sent from HYDRA to
the 854 nm acousto-optic modulator during the experimental sequence. Together with its
limited bandwidth we reach a total photon wave-packet duration of ~ 70 ns. In Fig. 6.10(a)
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the time-integrated photon detection probability is shown for short excitation pulses for
different values of the control phase ®p(0) (blue dots). With the controlled adjustment of
the phase in the interference process we are able to enhance and suppress the emission
probability with a visibility from the sinusoidal fit (black line) of 75.5(7) %. A faster mod-
ulation of the exciting laser would further reduce the total temporal length of the wave
packet and might increase the visibility. To see the difference for a long photon that covers
many quantum-beat periods, we increase the magnetic field to 2.795G, obtain a Larmor
period 106.5ns and generate wave packets with a total length of ~ 850ns. The detection
efficiencies are plotted in Fig. 6.10(a) for different phases (blue crosses) and the modulation
is almost not visible.

The change in detection efficiency from ~ 5.6 %o (for long photons) to 3.45(2) %o (for the
short photon with highest detection efficiency) is explained by the following: as we only
collect 7 photons with one HALO, we see that the detection-efficiency values for long
photons are typical ones. With the 18-level Bloch equations we can simulate the popu-
lation dynamics in |P3, —1), including all 854 nm parameters from the experiment for
the generation of long photons. Thus we obtain the time-integrated amount of population
which corresponds to the detection efficiency of 5.6 %o. If we change the 854 nm param-
eters to the high-power condition (for the phase of 77) for short photons we see that the
time-integrated amount of population in |P;/, —3) is reduced which means a detection
efficiency of 4 %owhich is close to the measured value of 3.45(2) %o. The reason for the
reduction is due to the high 854nm power of 2.9 mW. There the Rabi frequency is high
enough to repump population from |P; 5, —3) back to |Ds 2, +1), from where the popu-
lation transfer to |P; 5, +3) is significantly increased compared with the long photon case.
This explains the lower detection efficiency for the case of short photons. The remaining
deviation is attributed to the laser power used in the simulation. It can only be measured
outside the trap and deviations to the real intensity at the position of the ion are easily
produced with slight optical misalignment.

In analogy to the A scheme, we perform the same measurements for the V scheme in
Fig. 6.10(b). For a reduction of the magnetic field to 0.537 G, we obtain a Larmor period of
277 4ns. With the maximum 854 nm power available for this measurements of 500 uW, we
reach a total temporal length of the wave packet of ~ 120ns. For different control phases
®p(0) we see again the sinusoidal behavior in the detection efficiency with a reduced vis-
ibility of 48.3(1.5) %. The reduction of this value compared to the A case has different rea-
sons; as the temporal length of the photon is only about half the Larmor period, we cannot
completely suppress and enhance the photon with the corresponding phase values. This
would need shorter photons limited by laser power or lower magnetic fields for higher
Larmor periods. For the latter it becomes hard to individually address single 729 nm car-
rier transitions, due to the reduced frequency splitting. A further limitation is found in the
solid angle of the HALO which collects certain fraction of the emitted light even for the
case that the preferred emission direction is perpendicular to the quantization axis, i.e. in
the minimum of Fig. 6.10(b). We finally complete the set of measurements by generating
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Figure 6.10.: Suppression and enhancement of the generation efficiency, i.e. the detection
efficiency of 393nm photons controlled via the atomic phase ®p(0). The dots and solid
curves (sinusoidal fits) are for short excitation pulses (photon duration < quantum-beat
period), while the crosses and dashed curves are for long pulses (photon duration >
quantum-beat period). (a) A scheme: The short photon has a total temporal length of
~ 70ns while the quantum-beat period is set to 553.4 ns by a magnetic field of 0.538 G. The
long photon has a total length of ~ 850 ns and the quantum-beat period is set to 106.5ns.
(b) V scheme: The short photon extends over ~ 120 ns at 277.4 ns beat period; for the long
photon the values are ~ 750 ns and 53.2 ns.

long photons for the V-type level configuration by increasing the magnetic field to 2.79 G,
resulting in a Larmor period of 53.2ns. With an 854 nm detuning of -6.5 MHz and 50 ytW
of power we generate photons with a total length of ~ 750 ns and plot them in Fig. 6.10(b)
(red crosses). Besides the insensitivity to the control phase ®p(0) it is conspicuous that
the detection efficiency is about one half compared to the long photon for the A case®. As
shown in App. A.4 the HALO collects 6 % of the total emitted 7 light and 3.26 % of the
total o light when the HALO axis is perpendicularly oriented to the quantization axis. The
ratio between the two values of 54 % agrees well with the detection efficiencies for the two
different schemes in Fig. 6.10.

6.5. Interference mechanism
In this final section we have to experimentally prove the two fundamentally different in-

terference mechanisms for the A and V scheme as theoretically presented and visualized
in Fig. 6.4 and Fig. 6.5. For this we analyze the remaining population in D5/, through

3This phenomenon is also visible in the total number of detection events when comparing Fig. 6.7(b) and
Fig. 6.8(b) which are recorded both for a total measurement time of 6 min.
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state-selective fluorescence after an excitation with 854 nm light for different 854 nm pulse
lengths.

For the A scheme we set the magnetic field to 0.987 G and obtain a Larmor period of
301.5ns. We set the 854 nm detuning to -15 MHz and use 50 pyW optical power. The pulse
length of the 854nm excitation is varied in steps of 12.5ns; for each pulse duration the
remaining population in D5, is displayed in Fig. 6.11(a). It shows that the depopulation
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Figure 6.11.: A scheme: (a) Change of the D5/, population for different 854 nm pulse
lengths. The observed stair-like behavior results from interference of two excitation ampli-
tudes to ‘ng /2, — %> The step size of the pulse length scan is 12.5 ns with 10* repetitions per
point. The solid line is calculated with the 18-level Bloch equations including experimental
parameters. Inset: Derivative of the calculated solid line showing the oscillation of the pop-
ulation in P3,,, which shows the suppression and enhancement of the emission of 393 nm
photons similar to the subsequent measurement, shown in (b): Arrival-time distribution
of 393 nm photons showing quantum beats with the same temporal shape as calculated in
the inset of (a). The bin size is 2 ns for a measurement time of 11 min.

of the D5/, manifold exhibits a stair-like behavior; we see a suppression and enhancement
of the depopulation process from the two D5/, states into }P3 /2 —%> with the Larmor pe-
riod due to the two interfering excitation amplitudes. The atomic dynamics are calculated
with the 18-level Bloch equations (solid line) which fit very well with the experimental
data. The interference process is manifested by the derivative of the calculated line which
is shown in the inset of Fig. 6.11(a) and which is proportional to the population in P53,,. We
see that the Larmor-precession phase of the initial superposition state creates an oscillatory
behavior in the population in P3,,. With the subsequently recorded arrival-time distribu-
tion in Fig. 6.11(b), we confirm that the calculated population in P5,; is well reflected in the
measured histogram.

In order to highlight the difference between the two schemes, we repeat the measure-
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ment for the V scheme?®. For the same magnetic field, we halve the Larmor period to

151.5ns. We use an 854 nm detuning of -12.5 MHz, a power of 20 pW and perform a pulse-
length scan, depicted in Fig. 6.12(a). The result exhibits a simple exponential depopulation
curve of the D5/, level without any modulation. The Bloch-equation calculation including
the experimental parameters describes the excitation from |Ds,,) to |P3,,), and its deriva-
tive shows almost no modulation of the population in P5/;, in contrast to the A case. The
remaining very small modulation visible on the calculated population in P53/, stems from
the spontaneous decay back to other D5/, Zeeman sublevels with 5.87 % from which the
population is transferred back to common Zeeman sublevels in P3,, where it can interfere
again. However, this effect does not significantly contribute to the clearly visible quantum
beat in the measured wave packet in Fig. 6.12(b). It proves that the interference occurs
in the emission process: The initial atomic phase enters into the superposition of the two
emission channels with polarization ¢ and ¢~ and causes the emission pattern to spa-
tially rotate about the quantization axis as shown in Fig. 6.5, leading to a modulation in the
detection probability.
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Figure 6.12.: V scheme: (a) Simple exponential decay without modulation in the depop-
ulation of Ds/; in the V scheme. The points are measured data; the line shows the dy-
namics derived from the 18-level Bloch equations. Inset: The derivative of the calculated
curve shows almost no oscillations in the population of the P5,;, level. However, we mea-
sured subsequently with the same parameters the quantum-beat modulated photon in the

arrival-time distribution shown in (b). The bin size is 2 ns for a measurement time of 11
min.

The final measurement that supports the arguments given so far is provided by mea-
suring the depletion of the D5/, population as a function of the control phase ®p(0) after
a short 854 nm excitation pulse with a fixed length of 12.5ns. We set the magnetic field

4For this measurement we prepared the initial atomic superposition state with equal amplitudes. However,
this does not affect the conclusions.
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to 0.99 G resulting in the Larmor period of 300ns for the A scheme and 150ns for the V
scheme, respectively. For the A scheme we set the detuning and power of the 854 nm laser
to -15 MHz and 660 pW, respectively. For these values we obtain the depletion of the D5,
level shown in Fig. 6.13 as the blue data points. From the sinusoidal fit we derive a vis-
ibility of 74.0(1.9) % which is close to the visibility value we obtained in the suppression
and enhancement of the detection efficiency in Fig. 6.10(a) for the short photons. For the
V scheme, we set the detuning to -6.5 MHz and used 200 uW of 854 nm power to repeat
the measurement shown by the red data points. Here the D5/, depletion is almost insensi-
tive to the control phase, a further evidence that the interference process takes place in the
emission process.

D5 /2—state depletion (%)

Phase (units of 7)

Figure 6.13.: D5 ,-state depletion for different control phases ®p(0) of the initial superpo-
sition after a short excitation pulse of 12.5ns. The blue dots (solid curve) are measured
(calculated) for the A scheme, the red dots (solid curve) for the V scheme.

Summary

We investigated experimentally quantum beats in the arrival-time distribution of single
photons for two distinct experimental situations, revealing their fundamentally different
physical origins by pointing out the different types of interference. For two level configura-
tions, A and V, the ion is prepared in a coherent superposition state, whose phase oscillates
with the Larmor frequency. Upon laser excitation on the Ds/,-to-P3/, transition, the ion
emits a single photon on the Pj3,,-to-S;,, transition at 393 nm wavelength. The photon
shows quantum beats at the frequency of the Larmor precession, observed as oscillations
in the photonic wave packet with a visibility > 93 %. This also means that we are able
to map the atomic phase into the Raman-scattered photon. With the atomic and photonic
phases, ®p(0) and Pgs4 we have two control knobs for the quantum-beat phase by setting
the initial phase of the atomic superposition and the 854 nm laser polarization.
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For the A- and V-type level configuration, we point out the two disparate physical
origins of the quantum beats. An investigation of the Ds/;-level depletion for different
control-phase values ®p(0) revealed for the A scheme that the depopulation is suppressed
and enhanced through two interfering absorption paths. In contrast, in the V scheme we
observed an insensitivity of the depletion to the change of the atomic control phase, which
manifests the fundamentally different interference process, which occurs in the two emis-
sion paths.

The presented experimental techniques cover the ability to map the atomic phase into
the quantum-beat phase of the Raman-scattered photons. This is important for the applica-
tion of the single-photon Raman scattering as a method for atom-to-photon quantum state
conversion [137]. Besides the quantum-beat experiments serve as an essential technical in-
gredient for mapping arbitrary polarization states of photons into a single ion, which will
be shown in Sec. 8.1.
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7. Related work: experiments with a
femtosecond frequency comb

This chapter comprises additional related work with an optical frequency comb that was
acquired as a technical upgrade of our experimental tools for the new laboratories within
the move of the experiment from ICFO to Saarbriicken. The acquirement was done with
the long-term perspective to replace the laser frequency-stabilization scheme with transfer
cavities to a novel scheme for which the lasers are locked to the comb. Mainly in the first
half of my Ph.D. time, it was my task to develop an experimental setup around the comb
to connect it with the lasers from the ion experiment, making first measurements with the
comb feasible. The diploma thesis of P. Eich [138] contains the main measurement results
we achieved in this time.

Precision measurements of frequencies play a fundamental role in physics and metrol-
ogy. In the 70s it was already possible to have high accuracy frequency sources in the
microwave regime. Hence the idea developed to transfer this stability into the optical
regime with harmonic frequency chains [139, 140], where frequencies were phase coher-
ently compared by harmonic mixing. The drawback of such chains were the complexity
and the design for only measuring one particular optical standard [141]. Progress in the
development of mode-locked lasers yielded spectral combs [142] with an octave spanning
spectrum possible by spectral broadening through microstructured fibers [143] where the
phase-coherent link between RF and optical frequencies was established. This was the
essential feature to revolutionize optical frequency measurements and thus high-precision
optical spectroscopy [144, 145]. Today the frequency comb technique reaches high accuracy
by referencing the comb to the best worldwide cesium frequency standards. This is demon-
strated in frequency metrology for high-precision frequency measurements [146, 74, 147]
and direct frequency-comb spectroscopy [148, 149]. Further novel applications include ex-
periments in the field of quantum optics [150] and the implementation of the frequency
comb in quantum networks [151].

In the following chapter we treat the process of self phase modulation to observe how
this process causes the spectral broadening inside the photonic crystal fiber. In Sec. 7.3 we
characterize the phase-lock of the repetition rate and show the stabilization of two diode
lasers to the frequency comb with 866 nm spectroscopy at the ion. After we presented the
experimental tools and techniques that are needed for photon generation, we apply them
here for the generation of single photons by the absorption of femtosecond pulses from the
comb. We show first results concerning the comb-ion interaction in Sec. 7.4.
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7. Related work: experiments with a femtosecond frequency comb

7.1. Theory

The generation principle of a frequency comb is based on modelocked lasers where ul-
trashort laser pulses are generated by many modes traveling simultaneously with a fixed
phase relation inside the laser cavity. Fig. 7.1 shows pulses which are separated by their
round-trip time inside the cavity T = ZI)—Cg, where . is the cavity length and vy the group

velocity. Dispersion inside the cavity leads to different group and phase velocities which

E(h) 1y A Iv)

FT

VCEO

—-> -
1%
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Figure 7.1.: Electric field of pulses from a modelocked laser which are separated by the
cavity round-trip time 7. Dispersion inside the cavity leads to a phase A¢ between the car-
rier and the envelope. With a Fourier Transform (FT) one gets a equally spaced frequency
comb where frequencies are spaced by the repetition rate vp. The whole spectrum has an

offset frequency which is the carrier-envelope frequency vcgo = ZA%'
results in a phase shift A¢ as [143]
1 1
Ap = ( — ) lc.wemod27r, (7.1)
Y Up

with the phase velocity v, = £, the refractive index n and the carrier frequency' w.. The
phase shift enters in the time domain description of the electric field of the pulse train

E(t) = Y E(t — nt)el@et-nlwet=89) ), (7.2)

with E(t) describing the envelope and ¢y the overall phase offset. The Fourier transform
of these pulse trains to the frequency domain leads to

E(w)=) E(w- we)e MWT=AP) (7.3)

!In a dispersive medium with an index of refraction n the group velocity of the pulses vg = m contains
dw

the term g—f] that is responsible for the drift of the relative phase between carrier and envelope.
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that describes an equally spaced frequency comb with a line spacing determined by the
repetition frequency viep. The frequencies in the comb spectrum appear for the condition
wT — A¢p = 2m7t which corresponds to

Uy = % + ZA% = 1M * Vrep + VCEO- (7.4)
Since vrep and vcgo are two RF frequencies they can both be measured and phase-locked
to a stable reference oscillator like an atomic clock. Due to the high multiplication factor m
which is of the order 10°, the stability of the clock is transferred into the optical frequency
domain.

7.2. Setup

The optical setup that was built around the frequency comb system? and which is de-
scribed in the following is shown in Fig. 7.2. Femtosecond laser pulses at a center wave-
length of 1560 nm are generated inside the resonator of the erbium fiber laser (1). Passive
mode locking via nonlinear polarization rotation [152] generates a comb spectrum with a
width of ~100nm and a frequency spacing of vy, = 250 MHz. The pulses with a tempo-
ral width below 100 fs are amplified with erbium-doped fiber amplifiers (2) to send them
to the non-linear interferometer (3) for the detection of vcgo and to the second harmonic
generation unit (4) for frequency doubling. At the output of (4) the pulses with a temporal
pulse width (FWHM) of ~ 120 fs are spectrally centered at 795 nm with a FWHM of 16 nm
and sent to the photonic crystal fiber (PCF).

7.2.1. Photonic crystal fiber

Photonic crystal fibers are fibers which show complex building structures with large re-
fractive index contrast between the core and the surrounding medium [153]. This offers
the possibility for highly nonlinear processes like supercontinuum generation, for which
an overview is found in [154]. The fiber we use is a solid-core PCF. With the modification
of the air hole diameters and the periodicity of the holes it is possible to change the zero
dispersion wavelength (ZDW), which is in our case Azpw = 810nm. Sending pulses with
a carrier wavelength below or above the ZDW defines the dominating nonlinear processes
which happen inside the fiber. The pulses from the SHG unit have the carrier wavelength
at 795nm and a FWHM of 16 nm. This means that the pulses mainly underlie the normal
dispersion regime inside the fiber and the dominating process for spectral broadening is
the self phase modulation beside minor soliton dynamics [154]. A full description of all
nonlinear processes that happen inside the PCF is a non-trivial task and would go beyond
the scope of this thesis. Here we restrict the description of the processes inside the PCF to
the main process, namely the self phase modulation®.

2Menlo Systems, FC1500
3 According to Menlo Systems this is the main broadening mechanism in the fiber.
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Figure 7.2.: Setup of the Menlo Systems frequency comb system (1-4) with: the photonic
crystal fiber (PCF), wave plates (WP) to adjust polarizations at polarizing beam splitters
(PBS), bandpeass filter (F), lenses (L), irises (I), grating (G), acousto-optic modulator (AOM)
and photodiode (PD). The setup allows us to send the comb light directly to the ion trap or
to measure a beat signal between the comb and lasers. The beat detection unit (5) is built
up five times to have simultaneously a beat signal for five different lasers (729 nm, 794 nm,
850nm, 854 nm and 866 nm).

Self phase modulation

Here the principle of self phase modulation and the associated spectral broadening is pre-
sented in a simplified way for the fiber and pulse parameters. An extensive description
of self phase modulation (SPM) is found in [155] which is adapted to the parameters of
our photonic crystal fiber. One simplification is obtained by neglecting the effect of group
velocity dispersion inside the fiber. The process of self phase modulation can then be de-
scribed by the electric field of a Gaussian pulse

E(t L) = E(t, L) e(«wet=kL), (7.5)
with the Gaussian envelope E(t, L), k = %(t) and w. as the carrier frequency (correspond-
ing to a wavelength of 795 nm) of the incoming pulse. Since the pulse shape is not changed
along the fiber length L = 0.06 m, the envelope remains as at the beginning of the fiber
E(t,0) = Ege2(+)", (7.6)

Here T = 72fs is the Gaussian 1 half-width corresponding to an FWHM of 120 fs of the
Gaussian intensity profile. Third order susceptibility x(®) in the nonlinear response of di-
electric materials for intense light pulses causes the effect of nonlinear refraction which ap-
pears in the intensity dependence of the refractive index n(t) = ng + naI(t) with ng as the
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refractive index of the fiber and the nonlinear refractive index 11, = sz%j =244. 10_20“‘W2
where 7y = 87 7 is the nonlinear coefficient of the fiber. The effective core area is approx-
imated* by Aef = () MFD? with the mode field diameter MFD = 1.68 um. Together with
the pulse peak power of Py = 3.3 kW, the intensity is calculated to Iy = Ap—fﬁ =1.49-10% %
The time-dependent variation of the nonlinear refractive index with a Gaussian intensity
profile I(t) = Iy e*(%)z, shown in Fig. 7.3(a), leads to a phase modulation of the incoming
pulse. This is seen in the phase of the electric field of the pulse which is described as

E(t, L) = E(t,0) ¢l(wet= ¢ (motnal(£))), (7.7)

It propagates in a medium with nonlinear refractive index n, with the Gaussian envelope
E(t,0) for the fiber length L. From the phase term in Eq. (7.7) one derives the instantaneous
frequency as

_de veL  9I(t)
v(t) = g =Ve— (7.8)
and the frequency variation
2v.L (L
Av(t) =v(t) —ve = ﬁ[o nyte (2, (7.9)

which is plotted in Fig. 7.3(b) for the experimental parameters. From the plot we see that
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Figure 7.3.: (a) Gaussian intensity profile with a FWHM of 120 fs and its time derivative
(b) which causes new frequency components Av over the temporal profile. The carrier
frequency is blue shifted at the trailing part of the pulse and red shifted at the beginning of
the pulse. Each frequency is generated at two different times. Depending on the time delay
t; — to there is constructive or destructive interference giving the spectrum its characteristic
shape.

the same generated frequency value is generated at two different times ¢1, t, which leads to

4Further fiber parameters like the pitch and air hole diameter, which we don’t know, would be needed to
calculate a correction factor for A precisely.
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destructive interference (t; — t, = %%, for odd n) or constructive interference (t; — t> = nn

if n is a integer). This results in the characteristic modulation of the spectrum when takiﬁlg
the Fourier transform of Eq. (7.7). The equation is shown in Fig. 7.4(a) to see the effect of
self phase modulation in the time domain. The temporal effect of self phase modulation is
a pulse chirp due to a nonlinear change in the phase of the pulse. In order to present the

spectral broadening one has to take the Fourier transform of Eq. (7.7)

E(w,L) = FT {E(t,L)}. (7.10)
The frequency power spectrum is defined as S(w) = |E(w,L)|? and is used to show the
wavelength spectrum S(A) = |$%|S(v) in Fig. 7.4(b) for our pulse and fiber parameters.

As shown in Fig. 7.4(b) one frequency value is generated at two different times inside the
pulse, leading to destructive or constructive interference between them which yields the
characteristic modulation inside the spectrum. We see that the spectrum at -20 dB ranges
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Figure 7.4.: (a) Effect of self phase modulation in the time domain for arbitrary pulse and
fiber parameters. (b) Broadened wavelength spectrum (blue) by self phase modulation
inside the PCF for an incoming spectrum (red) of a Gaussian pulse for the experimental
pulse and fiber parameters.

from ~ 720 — 900 nm. This width is lower than the output spectrum of the fiber at -20 dB
which is specified by MenloSystems from 550 nm to 1000 nm for the same input power.

The reason is that the SPM transfer of spectral content into the anomalous dispersion
regime (> Azpw) is neglected. In this regime soliton dynamics appear which are respon-
sible for further spectral broadening [154]. Also processes between soliton and nonsoliton
field components contribute to the complexity of processes inside the fiber. Tiny fluctu-
ations in pulse parameters like the pulse power, the initial pulse chirp and the temporal
width are also highly sensitive for the shape of the spectrum.
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7.2.2. Beat detection unit

After the light has been spectrally broadened by the PCF, it is separated by a PBS to send
it either directly to the ion for single-photon generation (see Sec. 7.4) or to a holographic
grating® to spatially disperse the individual modes. An grating illumination of 4 mm sets
the resolution limit to 192 modes for 866 nm up to 228 modes for 729 nm. In order to get a
beat signal between the laser and the closest comb mode out of the comb spectrum, pick-
up mirrors send a small part of the spectrum to the beat detection units (see (5) in Fig. 7.2)
which are built up for each laser wavelength (including 729 nm, 794 nm, 850 nm, 854 nm
and 866 nm). There both beams are spatially overlapped and projected to the same polar-
ization axis with wave plates and polarizing beam splitters to reach the highest possible
signal-to-background ratio in the beat signal. Both beams are spatially filtered with an iris
to get rid of remaining comb modes which contribute to noise. One finds an optimum for
the highest signal-to-background ratio at the photodiode by iris diameters of ~ 1 mm. To-
gether with the dispersion of the grating there are still ~ 340 modes for 866 nm and ~ 560
modes for 729 nm behind the iris which contribute to noise. Reducing the iris diameter
further to reach the resolution limits cuts already the intensity profile of both beams. This
results in a lower signal-to-background ratio for the measured beat signal. The latter is
filtered to a frequency range between 40 and 100 MHz. It is detected with a photodiode®
and sent through an amplifier” with 28 dB gain. Behind the irises, the typical power of the
comb spectrum (~10 pW) and the laser (~500 uW) gives a signal to noise ratio up to 35dB
which is necessary for a proper laser stabilization. However due to power fluctuations
of the comb light caused by drifts of the outgoing polarization at the PCF it is quite hard
to keep this value for each individual laser beat over the day. One solution would be to
replace the PCF by a new generation which is not showing the effect of polarization drifts
anymore or to further amplify the light at 1550 nm with an additional erbium-doped fiber
amplifier.

7.3. Phase-locking scheme

Our main application of the frequency comb aims for the phase stabilization of the lasers
for the ion experiment. Using the Pound-Drever-Hall method to lock the lasers to the
transfer cavities yields a frequency stabilization but the relative phase between the lasers is
still fluctuating. In order to excite transitions in the ion which need a relative phase stability
between the lasers, like high-contrast dark resonances [75] in 866 nm spectroscopy, one has
to change the scheme to a phase-lock of each laser to the corresponding comb modes. From
each beat measurement one extracts the phase fluctuations of the laser relative to the comb
mode which allows the stabilization of each laser to the comb mode enabling relative phase

5Thorlabs, GH13-18V
6Thorlabs, DET 10A
7Mini Circuits, ZFL-500LN+

133



7. Related work: experiments with a femtosecond frequency comb

stabilities between lasers. For this we ideally have to phase-lock both Vrep and vcgo to the
rubidium clock® as the absolute phase reference.

7.3.1. Repetition-rate lock

According to Eq. (7.4) it is important to have a highly-stable repetition rate since the mul-
tiplication factor m reaching 10° drastically scales up the noise from the RF into the optical
frequency domain. Instead of using the fundamental repetition rate at 250 MHz for the
stabilization we use the 6th harmonic at 1.5 GHz since the response to phase fluctuations is
faster. For comparing the stability before and after the stabilization we first record the free-
running repetition rate signal at 1.5 GHz. For recording frequencies we use a frequency
counter’ that is referenced to the 10 MHz clock signal from the Rb clock. The dead-time
free counter is capable of measuring frequencies between 5 MHz and 50 MHz. Thereto we
mix down the 6th harmonic of vyep at 1500 MHz with a signal from a VCO™ at 1530 MHz
which is phase locked to the clock. We record over a time of 4 hours the mixed-down sig-
nal at 30 MHz, i.e. at 29.990050 MHz and show the deviations from this value in Fig. 7.5.
Beside a few short-term fluctuations that we see as frequency jumps, the drift is dominated
by long-term temperature fluctuations and spans a range over ~ 100 Hz. Since the VCO
signal for mixing is phase-locked to the clock we assign the measured frequency drift as a
drift at 1.5 GHz of the repetition rate. As the multiplication factor between 1.5 GHz and the
optical frequency spectrum is ~ 2.5 - 10° we obtain an optical frequency drift of ~ 25 MHz
which makes the need for a stabilization of the repetition rate obvious.
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Figure 7.5.: Frequency deviation of the free-running repetition rate at 29.990050 MHz

recorded over 4 hours with a frequency counter at a sampling rate of 1s~!. For details
see text.

8Stanford Research Systems, FS725. It has a relative Allan deviation for 1s averaging time of ¢75 < 210711
at 10MHz and a yearly aging in accuracy of < 5-10~1°
Menlo Systems, FXM
10 Analog Devices, AD9858PCB

134



7.3. Phase-locking scheme

For locking the repetition rate to the Rb clock we mix down again the repetition rate
signal at 1.5 GHz with the phase-locked VCO signal at 1530 MHz to 30 MHz. The 30 MHz
signal is split into two signals. One is measured with the frequency counter and the second
one is mixed down to DC with a phase-locked DDS signal at 30 MHz resulting in an error
signal that depends on the phase deviation of vy to the clock signal. The error signal
is then feed through a self built PI controller to close the feedback loop by sending the
output signal of the PI to the cavity piezo of the erbium fiber laser. The piezo of the laser
cavity adjusts the pulse round-trip time by the cavity length and finally the repetition rate
(see Eq. (7.4)). For the locked repetition rate at 1.5 GHz, Fig. 7.6(a) shows the frequency
deviation from 30 MHz (i.e. from 29.992999975 MHz) which is recorded over 4 hours with
the clock-referenced frequency counter. The dead-time-free sampling rate is 1s~!. Here
we see deviations of +30mHz at the 1.5 GHz repetition rate signal. The deviations are
three orders of magnitude lower than for the free-running case in Fig. 7.5, highlighting the
performance of the repetition rate lock.
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Figure 7.6.: (a) Frequency deviation from the mixed down repetition rate at 30 MHz over
4 hours of acquisition. The sampling rate is 1s~!. (b) Allan deviation of the data from (a);
the fit (red line) shows a slope of 1, expected for a phase lock of the repetition rate to the
atomic clock.

To analyze the stability of the repetition rate, the Allan deviation o(7) [156] is calculated
from the data and shown in Fig. 7.6(b). For an averaging time of T = 1s the value of
01s = 9.14(7) - 10712 results in an absolute error at 1.5GHz of 015 = 13.7(1) mHz. Taking
this value into the optical frequency domain (e.g. for 729 nm), one has to multiply the
Allan deviation by m = 274293 which ends up in a total frequency deviation of o5 =
3.76(3) kHz. From a fit to the data (red line) one can see that the stability averages down as
1/20%@), This limits the remaining noise sources to white phase noise or flicker phase noise
which both have a slope of %, confirming the phase lock. The two noise types are related
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to the noise in the electronics and can be reduced by selected components.

7.3.2. Lock of 794 nm and 866 nm laser to the comb

From the beat detection unit of the 794nm and 866 nm laser, the beat signal of each laser
is amplified, filtered and mixed down to a DC signal with a RF-frequency signal from a
DDS!! that has the same frequency as the beat note. The DC signal, i.e. the error signal is
sent to the PID controller to generate a feedback signal which is sent to the current modu-
lation input of the diode lasers for regulating phase deviations of the laser. Once the two
feedback loops are closed we have individually phase locked the 794 nm and 866 nm laser
to the comb.

In order to characterize the phase-coherence between two lasers we perform 866 nm
spectroscopy at the ion which is sensitive to the relative phase between the two lasers
used for the spectroscopy, i.e. the 397 nm (794nm) laser and the 866 nm laser [75]. First
we perform the spectroscopy with the two lasers locked to their transfer cavities. The re-
sult is shown in Fig. 7.7(a). From the depth of the four dark resonances we obtain from
a fit of the 8-level Bloch equation the laser linewidth for the lasers at 794 nm and 866 nm
of 118 kHz. Next, we perform the measurement with both lasers locked to the comb in-
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Figure 7.7.: 397 nm fluorescence spectrum for different 866 nm detuning with (a) both
lasers locked to the transfer cavities and (b) both lasers are locked to the frequency comb.
The total span of the 866 nm detuning is divided in 0.4 MHz steps. For each frequency step
the fluorescence is integrated for 200 ms.

cluding a phase-locked repetition rate. In Fig. 7.7(b) we see that the depth of the four
dark resonances is decreased compared to the cavity-locked case in Fig. 7.7(a). From the
tit we obtain the linewidth of both lasers of 175 kHz. This value is slightly higher than for

1 Analog Devices, AD9858PCB
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7.4. 393 nm photon generation with frequency-comb light

the same measurement but with the lasers locked to the transfer cavities. The reason for
a higher linewidth for both lasers stabilized to the comb is the CEO frequency that was
not locked to the atomic clock since the linewidth of the CEO has been excessively high
(~ 4MHz). The broadening against typical values for the CEO linewidth of 300 kHz made
the lock almost not possible. Later the problem could be backtracked to a damaged piezo
mirror inside the fiber-laser resonator. The losses of light at the mirror result in an increase
of quantum noise which is caused by spontaneous emission inside the laser resonator [157].
Together with the amplification in the Er-doped fiber the spontaneous emitted light is am-
plified resulting in a significant increase of the optical phase noise for the CEO frequency.
This also results in phase fluctuations of the individual comb modes which were not well
correlated. We manifested this by the measurement of different linewidths in the beat sig-
nals with different lasers. Since the phases of the lasers stabilized to the comb are locked
to the phases of the corresponding comb modes, also the phases of the lasers relative to
each other were not well correlated. Thus the measurements have to be repeated with the
new piezo mirror inside the fiber laser resonator. With the new mirror, a CEO linewidth
of 400 kHz could already be measured. Now a phase lock of the CEO to the atomic clock
should be straight forward which enhances the performance of the laser lock to the comb.
In this case a significant improvement of the spectroscopy result is expected.

Alternative stabilization scheme

For high phase coherence between the lasers from short integration times for fast laser
sequences as well as long integration times of hours one has to circumvent the problem of
an unstable frequency comb. This can be avoided by an alternative locking technique [158]
where the comb is not used as the reference but as a transfer oscillator. In this scheme the
frequency fluctuations of vrep and vcgo do not enter the measurement but cancel out. The
beat signals of two lasers with their individual comb mode are mixed in such a way, that
the final beat signal serves as an error signal that depends only on the phase difference of
the two lasers. Once we use the 729 nm laser stabilized to the high-finesse cavity as the
reference, it can be used to stabilize the phase of all other lasers to the phase of this laser.
Together with fast PID regulators this would mean that in principle all other lasers could
be reduced in their spectral linewidth and long term fluctuations to the one performed
by the 729 nm laser. This would yield a high laser-to-laser phase coherence which would
allow one to study coherent phenomena at the ion with higher precision.

7.4. 393 nm photon generation with frequency-comb light

Besides using the frequency comb for phase-locking the diode lasers used in the ion ex-
periment, we directly excite the ion with the light from the comb. One future application
could be direct frequency-comb spectroscopy [159] or the investigation of resonant multi-
photon excitations at the ion. Comb-ion interaction measurements may exploit the phase
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coherence between successive ultrashort pulses which allow one to study fast dynamics
if the temporal length of the pulses T is much shorter than the atomic lifetime of the ex-
cited state. Here we show a first step toward investigations of fast dynamics in the ion by
the generation of 393 nm photons through absorption of 854 nm photons out of the comb
spectrum.

Experimental setup and sequence

The experimental setup in the comb laboratory is shown in Fig. 7.2. The spectrum from
the photonic-crystal fiber (PCF) spans from ~ 550 nm to ~ 1000 nm. We cut out the spec-
tral part of interest by sending the light through a bandpass filter!> which has a center
wavelength of 850 nm with a FWHM of 10 nm. This corresponds to a frequency FWHM of
4.15THz, translating to 16600 comb modes. The vertically polarized light is sent through
an acousto-optic modulator (AOM) for frequency tuning and coupled to a 16 m long single-
mode fiber, connecting the comb laboratory with the ion laboratory. The experimental

SM fiber from the 397 nm
comb laborato
mb faboratory 854 nm pump

PMT

MM
fiber

)
comb pulses
at 854 nm

729 nm

866 nm 397 nm

Figure 7.8.: Experimental setup in the ion laboratory for the generation of 393 nm photons
by absorption of 854 nm frequency-comb photons that are transmitted by a single-mode
fiber from the comb laboratory. The details are given in the text.

setup in the ion laboratory is depicted in Fig. 7.8. The frequency comb pulses are focused
onto the ion through HALO 1 perpendicularly to the quantization axis (the magnetic-field
direction). With HALO 2 we collect the generated 393 nm photons which are coupled to
a multi-mode fiber (MM fiber) and detected by a photomultiplier (PMT). The 397 nm and
866 nm laser are used for Doppler cooling while the 397 nm pump beam optically pumps
the population to one Zeeman substate in S; /. The 729 nm laser is sent to the ion from 45°

12Thorlabs FL05850
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7.4. 393 nm photon generation with frequency-comb light

with respect to the HALO axis for coherent manipulations on the quadrupole transition
between S; /, and Ds ;. The 854 nm beam repumps the remaining population in D5/, after
photon generation.

The sequence as displayed in Fig. 7.9 is initialized by Doppler cooling with the 397 nm
and 866 nm laser for 100 us while the 854 nm laser transfers any remaining population in
D5/, into the cooling cycle. It is followed by an optical pumping period where the 397 nm
pump laser is switched on for 5ps to prepare all the population in |S;/5, —5). Then we
transfer the population with a 729 nm 7-pulse in 3.33 ps to |Ds 5, +1). In the fourth part
of the sequence we detect the comb pulses within a period of 12.5ns which is explained
in detail below. Subsequently, frequency comb photons from the filtered 854 nm part of
the comb spectrum are absorbed and generate 393 nm photons within a photon generation
period of 2 ps during which the photomultiplier is gated on.

Doppler Optical = Coherent Comb pulse Photon
cooling E pumping Emanipulationsidetection 1generation

397 nm [ - - :
866 nm B
397 nm pump I ! !
729 nm L
PMTgate : l I S—

Figure 7.9.: Sequence for the generation of 393 nm photons by the absorption of 854 nm
frequency comb photons. For details see text.

Frequency-comb pulse detection

In order to see the comb pulses separated in time by 4 ns in the temporal shape of the gen-
erated 393 nm photon we need a reference signal from the frequency comb which is used
as sequence trigger for a correlation measurement with the arrival-time of the generated
photons. For this we use the "RF Out" output signal from the frequency-comb laser head
that delivers sharp output pulses separated by 4 ns which are measured by a fast photodi-
ode inside the resonator. In the frequency domain this signal corresponds to the repetition
rate (250 MHz) and its higher harmonics. For detecting one pulse that arrives in the comb
pulse detection period of the sequence, we amplify the signal'® as shown in Fig. 7.10 and
gate it inside the gate box with the HYDRA gate signal of 12.5ns. After attenuation we
send the signal to the first channel of PicoHarp, a time-correlated counter where the signal
is time-tagged. For the second channel we gate the PMT signal for 2 us and send the at-
tenutated signal to PicoHarp. With both signals we are able to correlate the comb pulses,
serving as a trigger for photon generation, with the generated 393 nm photon for every
sequence cycle.

1B3Mini Circuits ZHL-1-2W
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Comb pulse5~l>— « | 19 dB -
gate 12.5 ns Pico
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Figure 7.10.: Signal processing for correlation measurements between the frequency-comb
pulses and the detected 393 nm photons within one sequence cycle.

393 nm arrival-time histogram

Acquiring statistics to obtain a decent 393 nm photon wave packet in the arrival-time dis-
tribution requires a measurement time of (at least) several minutes. Within this time, the
comb modes in the optical frequency domain should ideally be frequency stabilized, for
which the repetition rate and the CEO frequency both have to be phase locked to a com-
mon reference. We phase lock the repetition rate to the Rb-clock reference oscillator such
that an optical comb mode at 854nm is as close as possible to the resonant atomic tran-
sition frequency from Ds,, to P3/,, while the unstabilized CEO frequency is set to DC.
Remaining frequency deviations from the closest comb mode to the atomic resonance are
compensated by the AOM detuning. After the stabilization of the repetition rate, we set
the output power of the comb light measured in front of the HALO to 340 uW and adjust
the AOM frequency to a value which yields the highest rate of 393 nm photons that are
generated in cw excitation condition. Thereto we measure the scattered 397 nm photons,
i.e. with the 397 nm, 866 nm, 729 nm and 854 nm comb switched on. After the optimization
we switch to the sequence mode for photon generation.

In Fig. 7.11 we show the arrival-time distribution of Raman-scattered 393 nm photons,
generated by the absorption of 854 nm comb photons. We identify the measured photon
wave packet with fast temporal dynamics (blue line), i.e. excitations which are separated
by 4ns. Beside the fast dynamics we see a slowly-varying envelope which is represented
by the population in the P3,; level (red line) from a simulation.

First we describe the envelope shape by considering the atomic absorption spectrum
that has a width of I'p,,, = 271 - 22.99 MHz. Within this bandwidth the ion filters one comb
mode (which is ideally on resonance) out of the comb spectrum. This mode mainly con-
tributes to the absorption process and defines the overall slowly-varying temporal shape
which we show in the following: we obtain the shape of the envelope by simulating the
population in P3/, with the 18-level Bloch equations (see red curve in Fig. 7.11). For the
simulation we use a single-mode 854 nm laser. With a measured average power of the
comb spectrum of 340 uW, we calculate the power in the closest comb mode to be 1.84nW.
This corresponds to a Rabi frequency of 32.2 MHz. From the simulation of the population
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Figure 7.11.: Arrival-time distribution of 393 nm photons (blue line) generated by the ab-
sorption of 854 nm photons from the frequency comb. On top of the overall temporal shape
of the wave packet, we see fast dynamics from the comb, i.e. short excitations which repeat
every 4ns, i.e. the inverse of the repetition rate. The bin size is 1 ns for a measurement time
of 5min. The red curve is obtained from numerical simulations with the 18-level Bloch
equations representing the population in the P53/, level for a cw single-mode 854 nm laser
excitation.

in P3/, (red curve), we obtain a Rabi frequency of 30 MHz for the 854 nm laser, a detuning
of -4 MHz and a slight variation from vertical polarization. The deviations are attributed to
power fluctuations of the comb light due to polarization drifts behind the PCF, frequency
drifts due to the non-stabilized CEO frequency and polarization drifts inside the single-
mode fiber connecting both laboratories. We see that the overall temporal shape of the
population in P53/, from the simulation fits well to the overall temporal shape of the mea-
sured 393 nm photon. With the simulation, we identify a Rabi oscillation at the beginning
of the overall photon shape, which is explained by the high Rabi frequency causing stimu-
lated emission processes between P3,, and D5 ;. Thus the overall temporal shape is similar
to an excitation with a single-mode 854 nm laser as it is the case for 393 nm Raman scattered
photons presented in Sec. 3.1.2.

Besides the overall temporal shape which is simulated with a single mode 854 nm laser,
we also see the temporal dynamics of the frequency comb, i.e. pulsed excitation every 4 ns.
Although there is only one comb mode which is mainly contributing to the overall shape
of the photon, the adjacent modes form the pulsed excitation. If only a few modes coher-
ently contribute to the absorption process, we obtain pulses separated by 4ns which are
responsible for the fast excitation from D5, to P3,,. In the wave packet the 4 ns separation
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is divided in a period of 2 ns where the ion is excited and a subsequent decay of 2ns. The
exponential decay has a time constant of ~ 10ns. We attribute this to the lifetime of the
P3,, level (T = 6.924 ns) with which the population in P3,, decays. Before the population
can completely decay the next 854 nm pulse add further population from D5, to P3/,. This
strong, short-pulse excitation, is in contrast to the Raman-type excitation. The pulses ar-
rive every 4 ns, which is too fast in order to observe a full atomic decay of P3,, level in the
arrival-time distribution after each pulse. One solution would be a pulse picker that could
increase the temporal distance of the pulses from 4 ns to 8 ns or more.

Simulation of the dynamics for pulsed 854 nm excitation

We also simulate the pulsed dynamics in the population of the P3,, level with the Bloch
equation program. The laser pulses from the comb are simulated by a single-mode 854 nm
laser which is periodically switched on and off. The periods for on and off are divided in
time steps and for each time step the population in P3; is calculated. The evolution of the
population in P53/, is shown in Fig. 7.12(a) for a 854 nm pulse length of 2 ns. Similar to the
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Figure 7.12.: Temporal evolution of the population in the P53/, level for a simulated pulsed
854 nm laser excitation (blue line) and the single-mode 854 nm laser excitation (red line)
from Fig. 7.11. (a) The pulse length is 2ns and the 854 nm pulse power is 5.8 nW. (b) With
the pulse length of 20 ps we use a power of 58 yW to obtain the same overall temporal
shape. The time step size is 1 ns (a) and 10 ps (b).

measurement, we initialize the total population in |Ds/,, +3 ). With a time step size of 1ns
where the population in P is calculated, the 854 nm laser is switched on for 2 ns leading
to a fast and strong excitation. After the excitation the laser is switched off for 2 ns where
the population decays. In order to fit the simulated dynamics to the measured photon in
Fig. 7.11, we change the 854 nm laser power to 5.8nW and the detuning to -6 MHz. With
these parameters we obtain the dynamics which fit well to the temporal dynamics of the
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measured photon. To compare the simulated dynamics to the measured one, we also show
again the simulation from Fig. 7.11 for cw excitation (red line). The simulations fits best
to the measured photon for a pulse length of 2ns and a power of 5.8 nW. We compare the
dynamics to the case that the 854nm pulse length is divided by a factor of 102 to 20 ps
(with a time step size of 10 ps) in Fig. 7.12(b). In order to obtain the same overall temporal
shape (as given by the red line for cw excitation) we have to make sure that the power
Pgs4 is increased by 10* to 58 pW. This is explained by the fact that the pulse area has to be
constant, i.e. the Rabi frequency Qgss o /Pgss and the pulse width g54 has to fulfill the
relation

Qgsy - Tg54 < 1/ Pssq - Tg54 = const. (7.11)

to obtain the same overall temporal shape. We further see in Fig. 7.12(b) that for a shorter
pulse the population transfer per pulse is increased and the pulsed structure becomes more
pronounced. Here the number of comb modes that contribute to the excitation is increased.
Although the modes are multiple integers of 250 MHz away from the resonant mode they
still contribute to the excitation.

From the maximum and minimum population of the excitation in Fig. 7.12 that leads
to the highest population in P3,, (at ~25ns) we define a visibility value for the pulsed
excitation as a measure for the excitation probability per pulse. In Fig. 7.13 we show the
visibility for different comb pulse lengths. Starting from a pulse width of 2ns we see that
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Figure 7.13.: Visibility of pulsed excitations in the arrival time of single photons for differ-
ent 854 nm frequency-comb pulse lengths.

the visibility increases for shorter pulses for the same pulse area. If we reduce the pulse
width to 20 ps, we see that the excitation probability per pulse does not further change.
There the modes are too far away from the absorption profile of the ion such that they are
suppressed and do not contribute anymore to the excitation.

Summary

In this chapter I presented first experiments with the frequency comb. Thereto we phase-
locked the repetition rate to the atomic clock and obtain a Allan deviation of 015 = 9.14(7) -
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102 resulting in a optical frequency deviation at 729 nm of 3.76(3) kHz. With the locked
repetition rate we locked two diode lasers to the comb and performed 866 nm spectroscopy.
The higher laser linewidth compared to the case when both lasers are locked to their trans-
fer cavities could be explained by an excess phase noise due to a damaged piezo mirror
inside the laser resonator.

Besides we showed the generation of 393 nm photons by the excitation with 854 nm laser
pulses from the frequency comb. By correlating the comb pulses with the single-photon
clicks from the PMT we obtained an arrival-time distribution in which the temporal shape
of the photon showed pulsed dynamics from the comb (i.e. pulses that are separated by
4ns) on top of an overall slowly-varying envelope. With the 18-level Bloch equation pro-
gram we observed the same slowly-varying envelope by a single-mode 854 nm laser ex-
citation. From the simulation we deduced that only one mode which was close to the
resonance frequency was mainly responsible for the Raman scattering process and deter-
mined the overall shape. The comb structure in the photon was generated by adjacent
comb modes which also contributed to the excitation. For a 2ns pulse width we found the
pulsed dynamics in the population of the P53/, level which fitted well to the temporal dy-
namics of the 393 nm photon. For shorter pulse widths we discovered that the pulse area
had to be constant to obtain the same overall temporal shape while the excitation probabil-
ity per pulse was increased. However, for ~ 20 ps of pulse length, the excitation probability
per pulse saturated since the outermost modes were far detuned from resonance and did
not contribute to the absorption process anymore.
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8.1. Continued work: experimental protocol for high-fidelity
heralded photon-to-atom quantum state transfer

In Chapter 6 we showed that the coherent transfer of the atomic phase in the D5/, super-
position state onto the scattered 393 nm photon is possible, which lets us proceed with our
work toward the coherent photon-to-ion transfer of quantum information.

The following work presents an experimental protocol for such a state transfer, which
is a major part of the Ph.D. thesis of C. Kurz [107] and is published in [160]. We prepare
a single ion in a coherent superposition state and absorb an 854nm laser photon. With
certain probability, a single emitted photon at 393 nm is detected. Through the Raman
process, we map the polarization state of the absorbed photon onto the ground state of the
ion. In Chapter 3 we already motivated the use of 393 nm photons in a pure quantum state
as a herald for successful photon absorption. Here, as proposed in [98, 102], we obtain
with the detection of the 393 nm Raman-scattered photon a herald for the successful state
transfer. This allows us to detect only successful polarization storage events, making the
state-transfer fidelity independent of the transfer efficiency. The theory to describe the
quantum state transfer is given in [102, 129].

Experimental sequence

The experimental sequence is shown in Fig. 8.1. The sequence starts with an optical-
pumping period of 5 ps that prepares the ion in the [S; 5, —1) state with 99.82(1) % prob-
ability by o~ -polarized light at 397 nm. Then we create a coherent superposition state in
}51 /2 :I:%> by a 7 radio-frequency (RF) pulse of 2.8 s duration from an RF coil, explained
in more detail below. The following two 729 nm 7 pulses, each lasting for 9.6 ps, trans-
fer the coherent superposition in Sy to the new superposition in |Ds 5, +3). For single-
photon absorption, the 854 nm laser is switched on for 3 ps with an optical power of 12 ptW
to drive the superposition of ¢ and ¢~ for generating 393 nm photons in a spontaneous
Raman process (see Fig. 8.1(b)). Once the 7 photon is detected, it heralds the successful
creation of a superposition of the S;,, Zeeman sublevels corresponding to the polariza-
tion of the absorbed 854 nm photon. Thus the state mapping is completed by the photon
detection.

After the detection of the photon, we perform atomic-state analyis [161] to quantify
the fidelity for the mapping protocol. If the ion is measured in the ‘51 /2, j:%} basis, the
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Figure 8.1.: Experimental sequence: (a) After the ion is initialized in |S;/2, —%), a ¥ RF-
pulse creates a coherent superposition state in Sy, (gray arrow). Two resonant 729 nm
pulses (red arrows) transfer the superposition to Ds,,. (b) With the absorption of 854 nm
laser photons along the quantization axis, the emission of 393 nm photons is triggered, at
which 7t photons are filtered and detected. (c) Electron shelving (red arrow) followed by
atomic-fluorescence detection are used to distinguish the S; /, Zeeman sublevels. Depend-
ing on the measurement basis, we apply another RF pulse before (gray arrow).

S1/2, +73 ) state is transferred to the D5, manifold (see Fig. 8.1(c)), before switching on the
cooling lasers. A projection of the ion onto the S;/; state is given by the detection of the
393 nm photon. The distinction of the two S;/, Zeeman substates is then signaled by the
onset of fluorescence (ion in \Sl /2 —%>) or no fluorescence (ion in |Sl /2, —i—%)). To project
the ion onto a superposition basis, we apply a second RF pulse that acts as a basis rotation
before state analysis. If the Raman photon is not detected, we apply Doppler cooling for
10 ps. The overall sequence repetition rate is 18 kHz.

Experimental setup

The experimental setup is sketched in Fig. 8.2. The novelty, compared with the setups pre-
sented so far in this thesis, is represented by the 2-loop copper-wire coil that we installed
below the trap outside the vacuum vessel. Its characterization is found in [107]. The coil,
as part of a series LC circuit, is driven by an RF current from our pulse sequencer, cre-
ating an oscillating magnetic field perpendicular to the quantization axis defined by the
static magnetic field B. For a static magnetic-field strength of 2.8 G, we are able to excite
the [Sy 2, —3to |S1/2, +1) transition at a frequency of 7.8 MHz at Rabi frequencies up to
~ 100 kHz.

The 854nm laser with its variable polarization is sent in along the quantization axis,
while the scattered 393 nm photons are collected perpendicularly to it by one HALO. In the
photonic reference frame, the emitted |77) photons correspond to |H)-polarized photons
that are filtered by the PBS393 such that they are transmitted via the multi-mode fiber to
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MM
fiber
PMT
397 nm

729 nm

RF coil

854 nm

PBS

Figure 8.2.: Experimental setup for photon-polarization storage: HALO, high-NA laser ob-
jective; PMT, photomultiplier tube; MM fiber, multi-mode fiber; PBS, polarizing beam
splitter; HWP, half-wave plate; QWP, quarter-wave plate; RF coil, radio-frequency coil;
For further details, see text.

the PMT while parasitic ¢ photons are reflected as |V)-polarized photons. The 397 nm
fluorescence photons are collected by the second HALO, coupled into the multi-mode fiber
and are detected by another PMT.

Experimental results

For the first measurement we set the 854 nm polarization to right-handed circular which
leads to an excitation from ‘D5 /2 —%> to ‘81 /2, — %> by the emission of a 393 nm 7 photon.
After the detection, the atomic-state analysis is executed in the }81 /2 j:%} basis and the
arrival times are sorted according to the measurement outcome. Fig. 8.3(a) shows that the
emission of photons conditioned on the projection onto the |S; /5, — 1) state is suppressed.
For a linear 854 nm input polarization, the detection of a 7t photon heralds the projec-
tion of the ion onto the superposition of (S; /5, —%> and }Sl /2, —|—%> that corresponds to the
854nm light polarization. Analysis in the superposition basis is enabled by a second 7
RF pulse before state analysis. Fig. 8.3(b) shows the arrival-time distributions sorted for a
projection onto state |Sy 5, —1) and |S1/2, +1), respectively, after the basis rotation. Here
we find oscillations in the photonic wave packet. Due to our previous measurements in-
vestigating the quantum beats in the wave packet (presented in Chapter 6), we can quickly
identify the oscillations; in this case, they result from the difference between the Larmor fre-
quency of the initial superposition of ]D5 /2 j:%> and the final superposition of |51 /2 j:%>
The oscillation period is calculated for a magnetic field B = 2.8 G with the corresponding
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Figure 8.3.: Arrival-time distributions of 393 nm photons: (a) conditioned on the projection
onto |Sy/2,+3) (blue) and |S;/2, —3) (green) for right handed circularly polarized 854 nm
light. (b) conditioned on the projection onto the superposition basis for linearly polarized
854nm light. The red curve shows the unconditional case , i.e. the sum of the two his-
tograms. For each graph, the bin size is 2ns and the overall measuring time is 20 min.

Landé factorsas T = ﬁ = 160 ns.

In order to characterize the quality of the mapping protocol, we analyze phase and con-
trast of the oscillations in the 393 nm wave packets. The phase which is accumulated in the
|Ds 2, +3) superposition is given by the time until the 393nm photon is detected. Thus
each detection time ¢ is assigned to a phase value ¢ = 27t+. As we expect the same final
atomic states of the detection time ¢t for integer multiples of the Larmor period T, we use
the reduced phase ¢ = ¢ mod 27t. For various input polarizations we show in Fig. 8.4 the
probability of projecting the ion onto the |S;/,, +1) state after the Z RF pulse, which is
derived from arrival-time histograms, as a function of the reduced phase.

The expected sinusoidal behavior as well as the relative phase shift between the polar-
izations V, D, H and A appear very well in the data. From the sinusoidal fit, we obtain the
corresponding fidelity values for V, D, H and A and together with the fidelities for circular
polarization, we obtain an average fidelity of 96.9(1) %. We also perform quantum process
tomography [162], a tool for quantifying the transfer fidelity of the mapping process and
derive a process fidelity of 95.0(2) %.

Summary

We demonstrated a protocol for heralded high-fidelity mapping of a photonic polarization
state onto the S;,, Zeeman qubit of the ion. The successful storage process of the 854 nm
input polarization state is heralded by the detection of the 393 nm scattered 77 photon. The
values of the process fidelity of 95.0(2) % and the average fidelity of 96.9(1) % both cor-
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Figure 8.4.: Atomic-state analysis with the probability that the ion is in the state ’Sl /2 +%>
after the 7 RF pulse as a function of the reduced phase ¢ for four different 854 nm input
polarizations.

roborate the quality of our experimental control and performance. In a next step, we will
repeat the experiment with the absorption of true single photons, generated by the im-
proved spontaneous parametric down-conversion source. This will pave the way toward
the entanglement transfer from the entangled photon-pair source to two distant ions, a
milestone experiment in quantum networking.

8.2. Summary

The work presented in this thesis comprises the investigation of fundamental light-matter
interactions at the quantum interfaces of two distant quantum network nodes involving
single trapped *°Ca™ ions. The control of emission processes at the quantum interface of
one ion was shown by the controlled generation of single photons. This opens up the way
to investigating single-photon absorption experiments and, at the same time, demonstrat-
ing proof-of-principle experiments with direct photonic interactions between two distant
single ions. The progress toward the distribution of quantum information in the elemen-
tary network nodes was pushed with quantum-interference experiments. As a quantum-
optical phenomenon, they highlighted the coherent character of the single-photon scatter-
ing processes at the interface.

A highly controlled quantum-interface for quantum networking requires the controlled
emission of single photons. To this end we introduced the generation of single 393 nm pho-
tons in a spontaneous Raman process by the absorption of 854 nm laser photons. Varying
the laser intensities allowed us to control the temporal shape of the photonic wave packets
between 325(3) ns and 2.23(1) ps. The single-photon character was shown in the second-
order correlation function of the arrival times of the emitted photons, yielding a two pho-
ton probability of 0.33(15) %. By optical pumping to the outermost Zeeman substates in the
D5/, manifold, we generated photons in a pure quantum state in terms of polarization and
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frequency. A theoretical analysis of the frequency spectrum emphasized the pure quantum
state of the photons whose time-bandwidth product is minimal, i.e. the photons fulfill the
Fourier-limitation criterion. Thus, they are excellent candidates for carriers of quantum
information in entanglement-transfer schemes. Besides we also generated 393 nm photons
by the absorption of 854 nm laser pulses from the frequency comb. The pulses separated
by 4ns were found again in the arrival-time distribution of the scattered 393 nm photons.
The temporal shape of the 393 nm photon wave packet was confirmed by a simulation with
the 18-level Bloch equations. Analyzing the inverse process led to the generation of near-
infrared 854 nm photons. Here the excitation on a single dipole transition was replaced
by a coherent three-photon process. Its coherence was manifested by the suppression of
photon scattering from the intermediate states by a factor of 22. The resonance condition of
the excitation led to a high rate of single-mode fiber-coupled photons up to 3.0(6) - 103571,
with a mode-matching efficiency into the single-mode fiber of 3.2(6) %. We tailored the
temporal shape of the wave packets between 834(2) ns and 5.89(6) us.

We used the emitted photons to perform direct photonic interaction measurements be-
tween two ¥°Ca™ ions in two distant traps at the two wavelengths. At 393 nm, the photons
were transmitted through free-space between the distant traps. In continuous generation
mode at the sender, photon absorption was heralded at the receiver ion by quantum jumps
from bright to dark. From the recorded quantum-jump trace, we obtained an absorption
rate of 24.52(7) s~! and inferred the absorption probability of 3.6 - 10~%. In a similar way
we performed photonic interaction measurements between the distant ions with 854 nm
photons which in this case were transmitted via a single-mode fiber. In continuous trans-
mission mode, up to 1.22(26) - 10* s~! photons were coupled to the single-mode fiber. With
this rate we reduced the D5/, lifetime to 24 % and derived an absorption probability of
2.6(5) - 10~*. By generating photons in a pulsed sequence, we showed the triggered pho-
ton transmission in the temporal correlation function between the emission trigger at the
sender and the photon absorption at the receiver heralded by a quantum jump. With a tem-
poral resolution of 3 s, given by the detection rate of 397 nm fluorescence photons, we saw
clear emission-absorption coincidences. The number of coincidences for the given mea-
surement time corresponded to an absorption probability of 2.4(5) - 10~%. Related to the to-
tal number of emission triggers we obtained an overall success probability of 4.8(7) - 107°.
This constitutes a proof-of-principle experiment toward the direct quantum state transfer
between two quantum network nodes realized in two distant-trapped single ions.

Toward the transfer of quantum information at the quantum interface of a single net-
work node, we showed scattering of single photons by the observation of quantum inter-
ference phenomena that exhibited the coherent character of the Raman process: Quantum
beats were visible in the arrival-time distribution of single photons, which we explored in
two distinct level configurations, called A and V. Through absorption of 854 nm laser pho-
tons, we mapped the atomic phase onto the arrival-time distribution of the emitted 393 nm
photons. The distribution reflected the temporal modulation of the initial atomic state at
the Larmor frequency with visibilities as high as 93.1(6) %. We controlled the quantum beat
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phase by setting the initial atomic phase and the polarization of the 854 nm polarization.
With the atomic control phase, we had a control knob for adjusting the detection efficiency
of the scattered photons for both schemes, i.e. to enhance and suppress the scattering prob-
ability. In order to reveal the physical origin behind the two schemes, we analyzed the
remaining population in the D5/, level after an excitation with 854 nm light for different
854 nm pulse lengths. For the A scheme, we saw a stair-like behavior in the D5/, depop-
ulation at the Larmor-period, which resulted from the interference of the two absorption
paths. For the V scheme, the depopulation exhibited a pure exponential decay; we thus
assigned the subsequently measured quantum beats to the two interfering emission paths
resulting in an oscillating spatio-temporal emission pattern.

8.3. Outlook

Heralded single-photon to single-ion quantum state transfer

As demonstrated in the continued work we realized an experimental protocol for the her-
alded photon-to-atom quantum-state transfer. On a short-term perspective, the transfer
scheme will be repeated after replacing the 854 nm laser by single photons from a spon-
taneous parametric down-conversion (SPDC) source. The rate of entangled photon pairs
at 854nm from our current pair source is not high enough to perform the measurement
of photon-to-atom quantum-state transfer in a reasonable measuring time. This is why a
new source, featuring an enhancement cavity, is currently under construction. With the
new setup, the entanglement transfer from entangled-photon pairs to two distant ions as
proposed in [46] should come into reach. Due to the lower rate of photons compared
to the laser photons, it is crucial to enhance the coherence time of the ion, which allows
longer waiting times in D5/, for photon absorption. This goal can be reached with the
improved cancellation of magnetic-field fluctuations, that form the main source of deco-
herence. Ongoing work with passive and active magnetic-field noise compensation shows
already promising results and shall be expanded in the future.

Hybrid quantum systems

Hybrid quantum systems composed of different physical platforms combine the charac-
teristic benefits of the respective systems for building scalable quantum-communication
networks. Recent proposals [163, 164] report the prospects of building hybrid quantum
systems between atomic and molecular, quantum-optical and solid-state systems. Exper-
imental realizations comprise hybrid quantum systems combining atoms with ions [165]
and semiconductor quantum dots with trapped ions [166].

In our group, we realized a hybrid quantum system consisting of entangled photon pairs
and a single trapped ion. We showed the heralded absorption of entangled photons from
the SPDC source resonant with the D5/, to P3/, transition at 854 nm wavelength [64, 82].
Using these photons we currently perform experiments with the group of Prof. C. Becher.
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With their expertise on quantum-frequency conversion, they are able to convert 854 nm
photons to the telecom-wavelength at 1310nm. The photons are sent through a 90 meter
long fiber, connecting the two laboratories, into a waveguide-based frequency converter.
Having the photons at 1310 nm allows low-loss long-haul fiber communication between
distant network nodes. This hybrid quantum system can be expanded to a hybrid quan-
tum network between single ions and solid-state emitters like semiconductor quantum
dots [108]. This is achieved with our knowledge to generate 854 nm photons from the ion,
which are frequency converted to telecom wavelength. Recent experiments show first suc-
cessful results which opens new routes for connecting the two quantum systems for hybrid
quantum networking.
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A. Appendix

A.1. Coordinate transformation

The description of the polarization in the photonic reference frame requires the rotation of
the photonic coordinate system into the atomic coordinate system. This is performed with
the theory known from angular momentum transformation based on group theory [167].
Generally the rotation of a coordinate system is performed in three steps. The first rotation

Figure A.1.: Rotation of the coordinate system in the sequence (xyz) — (x'y'z’) LR

(x"y"z") L (x""y""'z"). The boldface letter designates the rotation axis.

is around the z-axis by «, the second is around the new y’-axis by B and the last rotation
is executed around the z"-axis by the angle . In terms of the angular momentum j, the
rotation is written by the rotation operator

D(a,B,7) = ¢z g~ 1Ply gz (A1)

with the matrix representation of D, the Wigner D-matrix

D! (e, B,7) = (jm|D(a, B, ) jm'). (A.2)
According to [167] we can write Eq. (A.2)
D (0 ,7) = € (B, (A3)
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with the reduced rotation matrix din v (B) which can be directly calculated. The angular
momentum state |jm’)’ in the new coordinate system can now be expressed by the state in
the old coordinate system as

;
jm") =Y |jm){jm|D(apy)|jm’) Z jm) D, e (aB) (A4)
m=—j m=—j
o d
=g 1 Z'|jm ye lmgl (B). (A.5)
m=—j

Eq. (A.5) is applied to the situation in Sec. 2.6.1. From Fig. 2.5 we see that for 6, = 0
and ¢, = 0, the rotation around the z-axis is redundant since the two coordinate systems
have the same orientation. Thus the first rotation is around the y(PM-axis with the angle
B = —6;. The following rotation around z(®!-axis by the angle ¥ = —¢; completes the
transformation which can now be expressed for a dipole transition (Aj = 1) with Am =
g =0,£land g = —j..jas

j

- io.a —(ph

et = ey gPdl (6 (A.6)
q=-]

. d
=i Y Pl (6. (A7)

q=—j

If we consider a 7t-transition (Am = ¢’ = 0) in the emission process, we express the atomic

oscillation E’O(at) in terms of the polarization vector in the photonic coordinate system. Ac-

cording to Eq. (A.7) we obtain

& = diy (08" + dj_1 (802" + dio(6,)2)"™ (A9)
= sm\/gk E’l(ph) — S‘\r}gk eEplh) + cos eré ph) (A.9)

Here we consider only the components g = +£1 that oscillate perpendicular to the k-vector
of the photon, since these are the physically relevant components in the scalar product of
Eq. (2.66). Hence it remains

#@ _ \r}gk gPh) _ %k ¢®M — ging, 2P, (A.10)

as given in Eq. (2.69). The calculation for the circular polarization components can be done
in an analogous way.
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A.2. Bayes’ theorem

In our experiments involing coherent manipulations with the 729 nm laser, the popula-
tion of the D5/, state is determined by repeated excitations on the S;/, to D5/, transition
followed by the state detection with the 397 nm laser.

From these measurements we are interested in an estimate for the probability p that the
ion is in the state D5, after the measurement is repeated n times and k successful transfer
events to D5/, were observed. For that we use Bayes’ theorem, which uses conditional
probabilities.

For a given probability p, the binomial distribution

B(klp) = (1) P = (A1)

describes the probability to observe k successful state transfer events. Now we can formu-
late the probability distribution P(p|k) for the probability p given that k transfers occurred:
according to Bayes’ theorem
B(k[p)P(p)
P = —— " Al

(plk) = =S (A12
with the uniform (prior) probability distribution P(p), i.e. the one before the first mea-
surement has started. With these two equations, we can now derive the estimate for the
probability p to be in D5, as the expectation value with respect to P

k+1
n =" (A13)
and the uncertainty of p
Ap =\ {p?) = (p)?, (A.14)
with (k+1)(k+2)
2y
P =Ty (A-15)

Bayes’ theorem for photon-correlation measurements

Bayes’ theorem is applied in this thesis for the determination of the Ds,, population; a de-
tailed description is found in [107]. Furthermore this approach is used for estimating the
probability of detecting single photons in a certain time bin within a correlation measure-
ment, i.e. in an arrival-time histogram. The description above can be applied in a similar
way: we want an estimate for the probability p to detect a photon, for the case that the ion
is excited n times and k photon counts have been detected in a certain time interval [¢; t + 7]
after the sequence trigger. The Bayesian ansatz allows us to obtain reasonable parameter
values from fitting a theoretical model, i.e. an exponential function or the result from Bloch
equations, to the detected arrival-time histograms presented in this thesis. This helps to
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deal with the fact that in an arrival-time histogram, it might be the case that in several time
bins, the number of photons n,, = 0 that would lead to a Poissonian-statistics error of
V/Tph = 0, whereas in a simple x? fit routine, it is more difficult to deal with this case.
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A.3. Ensuring equal 854 nm repumping rates

To achieve the highest visibilities of the quantum beats in the arrival-time distribution of
393nm photons, we have to compensate for the different 854 nm Clebsch-Gordan coeffi-
cients (CGCs) by adjusting the detuning of the 854nm laser in such a way that the re-
pumping rates are almost equal for the transitions used in the A and V scheme. Before
generating 393 nm photons, we first perform 854 nm spectroscopy on one of the Ds/,-to-
P53/, transitions and determine the line-center frequency. In order to see when we achieve

equal rates, we simulate the individual absorption profile of each transition which is pro-
portional to the rate

Q§54,eff
4A2 + ]._‘1233/2 + 20%54:,9&

Rp,mj—p,m; = (Ases + Asso), (A.16)

with the detuning A from the line-center frequency, which is

A:27r(v—(g}?-mjr-)—g})‘m][»%ﬂ» (A.17)

The effective Rabi frequency Ogsy e = % - Ogs4 - CGC contains the corresponding CGCs
where ()gs4 is the pure Rabi frequency which we calculate with Eq. (2.40) and the factor
of %ﬁ due to a linear 854 nm input polarization. In Fig. A.2 the repumping rates for three
different transitions are shown for the A scheme as a function of the 854 nm detuning.

N
o
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Repumping rate (].Ls_l)
=

P00 0 5 100
Detuning from line center (MHz)

Figure A.2.: Repumping rates for the transition from ‘D5 /2 —%> to |P3 /2 —%> (blue line),
|Ds/2,+%) to |P3/2,—3) (green line) and the parasitic transition from [Ds/p, +3) to
|P3/2,+3) (red line) for an 854 nm input power of 50 uyW. A detuning between —20 MHz

to —8 MHz (orange crosses) leads to almost identical pumping rates for the two transitions
(blue and green line).

For a magnetic field of 2.8 G and an 854nm input power of 50 uW, the two interfer-
ing transitions (blue and green line) cross at —20 MHz and at —8 MHz (orange crosses),
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leading to a frequency span of ~ 12MHz where the repumping rates are almost identi-
cal. The red line displays the repumping rate for the parasitic transition from |Ds,, +1)
to P32, +3). For a detuning of —8 MHz the rate is about ~ 17 % compared with the re-
pumping rate for the other two transitions. To compensate for this loss of population in
|Ds/, +3 ), we would have to choose an initial population distribution different from 50 %
in each of the two D5/, Zeeman sublevels. Calculating the ideal ratio yields a distribu-
tion of 45 % in ‘D5 /2 —%> and 55 % in ’D5 /2 +%> to have equal amounts of population in
P32, — 1). However, since we see the high oscillation visibility in the quantum-beat pho-
tons we have not included the compensation for the parasitic transition when performing
the measurements presented in Chapter 6.
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A.4. Collection efficiency of the HALO

In Sec. 3.1.3 we already derived the collection efficiency of the HALO for 7r and ¢ light for
the case that the HALO axis coincides with the quantization axis:

2w p23.6°
P, o / / sin’6; 6y de = B2 - 0.51% (A.18)
0 0

2t 23.6°
Py o / / 3(1+ cos®0y) sinfy dby dgp = 3 - 6% (A.19)
0 0

Now we want to derive a general formalism that allows us to calculate the collection effi-
ciency of 7t and o light for arbitrary angles ¢, between the direction of the light k emitted
along the HALO axis and the quantization axis, i.e. the direction of the magnetic field B.
This requires a coordinate transformation from 6, and ¢, to a new set of angles ¢ and ¢,
characterizing the light cone of the HALO for every angle between HALO and magnetic-
field direction. Inspired by [168], we consider in Fig. A.3 a spherical triangle (red line) as a
part of the surface of a unit sphere together with the cone-like representation of the solid
angle covered by the HALO (half opening angle of ¢ = 23.6°). In the coordinate system ¥,
7/, Z we choose the magnetic-field direction B along the Z axis.

*z=B

Figure A.3.: Drawing for the coordinate transformation necessary to describe the collection
efficiency of the HALO for arbitrary angles between HALO axis k and quantization axis,
i.e. magnetic-field direction B. For details see text.

For the coordinate transformation we first consider the spherical triangle with edges a,

b and c on the surface of the unit sphere. Such a triangle can be described by the spherical
law of cosine

cosa = cosc - cosb 4 sinc - sinb - cos¢y. (A.20)
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For the unit sphere (r = 1) the length of one edge of the triangle is the same as the opppos-
ing angle in the middle of the sphere. Thus we can reformulate Eq. (A.20) to

cost? = cosby cost + sinby sindy cos¢y. (A.21)

For the triangle we can formulate the spherical law of cosine again in a similar way and
obtain
costy = cost cost + sind sindy cos@. (A.22)

The spherical sine rule provides the relation

sing,  sing

: —. (A.23)

sina  sinc

Applying the last equation to the unit sphere gives
sing, — SO sing (A24)

singy

As we are interested in the collection efficiency of the HALO when collecting light perpen-
dicularly to the magnetic field, we set 9y = 7 in Eq. (A.21) and Eq. (A.22). Together with
Eq. (A.24) we obtain the two following equations

0 = arccos(sind cos¢) := f (9, ¢) (A.25)
¢x = arctan(tand sing) := (8, ¢). (A.26)

In order to evaluate the integrals in Eq. (A.18) and Eq. (A.19) under coordinate transforma-
tion we first have to calculate the Jacobian determinant,

If(B,9) 9f(59)

48([) 90 _ sind — AD7
ag%(p) %809) | | Jcos?d cos?p — cos?g + 1 (A.27)

With Eq. (A.27) we calculate the collection efficiencies for 7w and ¢ light when the HALO
axis is perpendicular to the direction of the magnetic field:

2 23.6°
P / / (1 —sin?0 cos?p)*2 Edddg = 52 - 6.02% (A28)
0 0

2 r23.6°
Py o / / 1(1+4 sin®0 cos?9) \/ 1—sin*dcos?pEddde = 81 -326%  (A.29)
0 0
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The work presented in this thesis led to the following publications:

Experimental protocol for high-fidelity heralded photon-to-atom quantum state transfer
C. Kurz, M. Schug, P. Eich, J. Huwer, P. Miiller, J. Eschner
Nat. Commun. 5, 5527 (2014)

Quantum interference in the absorption and emission of single photons by a single ion
M. Schug, C. Kurz, P. Eich, J. Huwer, P. Miiller, J. Eschner
Phys. Rev. A 90, 023829 (2014)

Heralded photonic interaction between distant single ions
M. Schug, J. Huwer, C. Kurz, P. Miiller, J. Eschner
Phys. Rev. Lett. 110, 213603 (2013)

A high-rate source for single photons in a pure quantum state
C. Kurz, J. Huwer, M. Schug, P. Miiller, J. Eschner
New ]. Phys. 15, 055005 (2013)

Further associated work:

Photon entanglement detection by a single atom
J. Huwer, J. Ghosh, N. Piro, M. Schug, F. Dubin, J. Eschner
New ]J. Phys. 15, 025033 (2013)

Manuscripts in preparation:

Programmable ion-photon quantum interface
C. Kurz, P. Eich, M. Schug, J. Eschner
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