Single ion - single photon interactions
in free space

Dissertation

zur Erlangung des Doktorgrades an der
Fakultéit fiir Mathematik, Informatik und Physik
der Leopold-Franzens-Universitat Innsbruck

vorgelegt von

Lukas Slodicka

durchgefiihrt am Institut fiir Experimentalphysik
unter der Leitung von
Univ.-Prof. Dr. Rainer Blatt

Mai 2013






Abstract

Trapped ion crystals have proved to be one of the most viable physical implementations
of quantum bits due to the excellent possibilities to control their motion, achieve long
coherence times between internal levels, and efficiently couple the electronic states of ions
through their common motion. These properties make trapped ion systems very good
candidates for a scalable realization of quantum networks. However, such a realization
would require the development of an efficient interface between trapped ions and photons.

This thesis reports on the realization of atom-light coupling schemes in free space. Using
the system of a single or two trapped **Ba™ ions in the focus of a high numerical aperture
lens, we study two possible approaches to the distribution of quantum information based
on deterministic and probabilistic interactions between single atoms and light fields.

We realize an absorption spectroscopy experiment and demonstrate the extinction of
a weak coherent beam by a single ion in free space. We measure the suppression of the
observed extinction by tuning the frequency of a strong control laser to a two-photon
resonance in a three-level A-type system. Furthermore, we prove that the measured
extinction corresponds to a coherent process by observing the phase interference between
the light fields in a Fabry-Pérot-like cavity setup, where one of the mirrors is replaced by a
single-atom reflector. The change of the amplitude of the laser field due to a modification
of the electromagnetic mode structure around the atom is observed in a novel regime, in
which the probe-laser beam intensity is already changed by the atom alone.

We demonstrate heralded generation of entanglement between two ions using quantum
interference and detection of a single photon scattered from two effectively one meter
distant ions. The detection of a single photon projects the internal states of the trapped
ions onto an entangled state at a high rate and with a fidelity limited by atomic motion.
We show the ability to control the entangled state phase by changing the path length of
the single-photon interferometer.
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Zusammenfassung

Gefangene Ionenkristalle gelten als eine der vielversprechendsten physikalischen Imple-
mentierungen von Quantenbits aufgrund der exzellenten Moglichkeiten ihre Bewegung
zu kontrollieren, lange Kohérenzzeiten der elektronischen Niveaus zu erreichen und die
elektronischen Zusténde der Ionen durch ihre gemeinsame Bewegung effizient zu koppeln.
Diese Eigenschaften machen gefangenen Ionen zu einem idealen System um ein skalier-
bares Quantennetzwerk zu realisieren. Hierflir muss eine effiziente Schnittstelle zwischen
gefangenen ITonen und Photonen entwickelt werden.

Diese Dissertation beschreibt die Realisierung von Atom-Licht Kopplungsschemen im
freien Raum. Unser System besteht aus ein oder zwei gefangenen *®Bat Ionen im
Fokus einer Linse mit hoher numerischer Apertur. Wir untersuchen experimentell zwei
Moéglichkeiten der Verteilung von Quanteninformation, basierend auf deterministischen
und probabilistischen Wechselwirkungen zwischen einzelnen Atomen und Lichtfeldern.

Dazu realisieren wir ein Absorptionsspektroskopie-Experiment und demonstrieren die
Ausléschung eines schwachen, kohérenten Strahls durch ein einzelnes Atom im freien
Raum. Durch Anpassen der Frequenz eines starken Kontrollstrahls auf eine Zwei-Photonen-
Resonanz in einem Dreiniveausystem vom A-Typ beobachten wir eine Unterdriickung der
Ausloschung. Durch Beobachten der Interferenz der Lichtstrahlen in einem Fabry-Pérot
Interferometer, in dem einer der Spiegel durch ein einzelnen-Atom-Reflektor ersetzt ist,
zeigen wir dass die gemessene Ausloschung einem kohérenten Prozess entspricht. Die An-
derung der Amplitude eines Laserfelds aufgrund einer Modifikation der elektromagnetis-
chen Struktur in der Umgebung eines Atoms wird in einem neuartigen Regime beobachtet,
in dem die Intensitét des Probelaserstrahls bereits durch das Atom allein verdandert wird.

Wir zeigen ein Protokoll zur vorhergesagten Erzeugung von Verschrankung zweier Io-
nen, das auf Quanteninterferenz und Detektion eines einzelnen Photons basiert. Durch
Detektion eines einzelnen Photons, das an beiden, effektiv einen Meter enfernten Io-
nen gestreut wurde, wird der Zustand der Ionen auf den verschrinkten Zustand pro-
jiziert. Dieses Protokol zeichnet sich durch eine hohe Erzeugungsrate aus. Die Giite
des erzeugten Zustands ist durch die Bewegung der Ionen beschrankt. Wir zeigen die
Kontrolle der Phase des verschréankten Zustands durch Verdnderung der Weglidnge eines
Einzel-Photon-Interferometers.
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1 Introduction

Quantum mechanics has the great distinction of being one of the most successful and
at the same time one of the most mysterious physical theories. It was developed at the
beginning of 20th century and came to its current form in the late 1920s. During the fol-
lowing decades, physicists had an impressive success in applying quantum mechanics for
understanding a wide range of phenomena at atomic length scales. This understanding
led to many breakthrough inventions which are nowadays routinely used in our every-
day life, among the most important the invention of the laser [1,2] and transistor [3],
which not only found applications in a large variety of modern devices, but still con-
tribute as essential tools to fundamental research in many scientific areas. In the last
two decades we have witnessed the emergence of the field of quantum information which
represents a synthesis of quantum physics with information theory and computer science.
It makes direct use of quantum phenomena, such as superposition and entanglement,
to perform tasks that are computationally demanding or even impossible using classi-
cal information networks and computers [4]. Impressive progress in this field has been
achieved due to the development of experimental techniques providing good isolation of
individual quantum systems from the environment and enabling their control and ma-
nipulation with very high precision. Examples of such systems include trapped neutral
or charged atoms, photons, superconducting qubits and color centers in diamonds. In a
number of these physical systems, quantum bits (qubits) have been successfully imple-
mented and used to demonstrate proof-of-principle logical operations including universal
quantum gates [5, 6], realizations of quantum error correction protocols [7,8] and efficient
simulations of various quantum phenomena [9,10|. Several demonstrations of Shor’s fast
factorization and Grover’s search algorithms with different physical systems [11-14] and
the development of practical quantum communication links over distances of more than
hundred kilometers [15,16] have been realized. These implementations are now stimulat-
ing an enormous effort towards overcoming the limited scalability imposed by the current
technology. These limitations apply to both the effective number of qubits and number of
controlled consecutive operations in a quantum computation, and to achievable physical
distances in quantum communication networks. One possible solution to the scalability
restrictions in quantum information processing is the use of quantum systems consisting
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of several physical implementations of qubits, such that the advantageous physical prop-
erties of the different qubits can be matched in a way which allows the overall system to
overcome the intrinsic limitations of its individual constituents.

The most elementary example of such a hybrid quantum system consists of the com-
bination of qubits implemented in the physical degrees of freedom of electromagnetic
radiation and matter particles. This combination has several inherent advantages related
to the coherence properties of the flying (light) and static (matter) qubits. It allows
the construction of quantum networks, in which static qubits serve for storage and local
manipulation of quantum information and flying qubits enable fast transfer of this in-
formation between distant physical locations. Coupled light and matter encoded qubits
provide a basis for most of the quantum communication and computation protocols.
These include the idea of distributed quantum computation which overcomes the lim-
ited computational power of a local quantum processor by entangling large numbers of
spatially distant processors [17-19|. Light-matter quantum interfaces correspond to the
basic building block of quantum repeater devices designed to overcome the problem of
exponential decay of photon pulses due to absorption and scattering losses in communi-
cation channels [20-22|. For these reasons, implementation of efficient interfaces between
matter and light qubits has recently become one of the most investigated directions in
experimental quantum information science. They are not only promising solutions to
current scalability problems, but to a large extent help to stimulate fundamental research
of light-matter interaction and quantum-electrodynamic theories.

There are two possible approaches to the realization of light-matter quantum interfaces
[23]. The first is based on achieving the required strong interaction between the light and
matter by means of enhancing the photon absorption and directional emission using high
finesse cavities [24-26] or optically dense atomic ensembles [27-29]. Recent technological
advances in the construction of high numerical-aperture optics stimulated the studies
and realization of such deterministic interaction also in a free space simply by strong
focusing of the light field onto a single quantum particle [30-36]. This approach aims for
near-deterministic generation of matter-light entanglement and quantum state transfer
from a flying to static qubit and vice-versa. The second approach is purely probabilistic
and leads to quantum information schemes based on the generation and distribution of
distant entanglement using interference processes and projective detection [21,37,38|. Tt
also profits from efficient coupling between light and matter particles as the rate and
fidelity of the generated states directly depend on the collection efficiency of the emitted
photons, however the technological requirements on the strength of this coupling are
much less restrictive.

A number of fundamental questions about the efficiency and technical feasibility of
these basic quantum networks building blocks arise, here we present their short summary:



e What is the maximum achievable absorption probability with a high numerical
aperture optical system for a single quantum emitter in a free space?

e Can such systems be employed for observing the phenomena usually associated
with coherent processes in optically thick media, like electromagnetically-induced-
transparency (EIT) or Faraday rotation of polarization of light?

e Can a single quantum emitter coupled to light in free space serve as an efficient
quantum memory and to what extent is the process of light scattering in the regime
of strong focusing coherent?

e How does the motion of the matter particle limit the interaction with light, and
could the temperature of the quantum object be precisely estimated from the change
of the matter-light interaction strength?

e How can we achieve the generation of the heralded entangled states between distant
matter qubits with high rate and possibility of controlled single-qubit rotations
necessary for distributed quantum computation?

e Which scheme for the probabilistic generation of distant entanglement is most effi-
cient and feasible with respect to the given technological limitations and how do the
rate and fidelity of the produced states scale with various experimental parameters?

In this thesis we attempt to provide an answer to these questions by realizing several
experiments, in which we trap and optically cool one or two quantum particles - Barium
ions in an ultrahigh vacuum to suppress their coupling to the environment. The ions
are positioned at the focus of high numerical aperture lenses which mediate the strong
interaction with the light. Together with a single boundary condition imposed on the
electromagnetic field along the direction of the lenses mimicked by a single dielectric
mirror [39], our setup offers various regimes to study the atom-light interaction in free
space. Figure shows schematic depictions of different experimental regimes studied
in this thesis. By focusing a weak coherent beam onto a single ion using the high nu-
merical aperture lenses we can look at the effects related to extinction or absorption, see
figure a). A single plane mirror imposes a boundary condition on the electromag-
netic field modes and allows us to study the quantum-electrodynamics effects due to the
change of the vacuum mode density at the position of the ion, see figure b). In addi-
tion, the fluorescence self-interference signal provides us with lot of information about
the motional state of an ion, since phase-modulation of the fluorescence emitted by a
moving ion translates here into the intensity modulation at given motional frequencies
due to the interferometric setup. By combining the two experimental configurations from
figures a) and b) we obtain the setup which represents a first step towards merging the
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Figure 1.1: Various regimes of interaction between the ions and the electromagnetic field
mode in free space investigated in our experiments.

fields of cavity-QED with free-space atom-light coupling, see figure ¢). Here, the coupling
of the atom to the probe beam is modified by a single mirror in a regime where the probe
intensity can be already significantly suppressed by the atom without the mirror. Last,
we consider a system of two ions positioned in the focus of the high numerical aperture
lens, see figure d). They can be aligned within the same optical mode using the distant
mirror. This configuration allows us to examine the effect of mutually coherent emission
between the two atoms corresponding to super/subradiance processes due to their inter-
action through the radiation field. Furthermore, spatial indistinguishability of the atomic
fluorescence along this mode enables interference experiments with fluorescence photons
coming from the two atoms.

The thesis is structured as follows: chapter 2 is dedicated to a basic description of
our experimental setup. In its first part we briefly summarize the principles of ion trap-
ping using Paul traps and describe the light-atom interaction including the motional
degrees of freedom of the atom, which is necessary for understanding the presented ex-
periments. In the second part of chapter 2, we summarize the crucial parameters of
our two Barium traps experimental setups and laser systems. Chapter 3 is concerned
with the experimental realization of *®Ba™ qubits on the optical and radio-frequency
transitions, respectively. The measurements of excitation spectra and realizations of co-
herent qubit rotations are presented. In chapter 4 we apply the self-interference setup
(fig. b) to the measurement of the ion’s temperature close to its motional ground
state. These measurements together with the developed theoretical description are not
just a new single-atom thermometry tool, but present an important step towards un-
derstanding how atomic motion limits the efficiency of atom-light quantum interfaces.
Chapter 5 deals with different experiments based on observation of an extinction of a
weak coherent beam from an single atom in a free space. It is divided into three parts



where we present the qualitative theoretical description and experimental results of the
free-space extinction, EIT and atom-mirror-cavity experiments, respectively. Chapter 7
describes the experimental realization of the two-atom entanglement by single photon
interference and detection. The summary in chapter 8 proposes the future extensions of
our experimental setup and suggests possible improvements and solutions to inefficiencies
in the presented experiments.
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2 Trapping and manipulation of single
Barium ions

This chapter first briefly summarizes the theoretical background for understanding the ion
trapping in Paul traps and the interaction of the two-level system with laser light including
the motional degrees of freedom. The overview of our experimental apparatus including
the particular trapping and laser alignment configurations relevant for the experiments
realized in this thesis is then presented.

2.1 Barium Ion

Barium has played historically a very important role in ion trapping experiments. Single
ionized *®*Ba* was one of the first ions trapped and observed. Many pioneering experi-
ments studying the single-atom single-photon interactions were conducted on the Barium,
including the first observation of quantum jumps, sideband cooling, or the experiment
where the first image of a single atom has been taken [40-42].

Neutral Barium is a soft silvery alkaline earth metal. It occurs in nature in a form of
seven stable isotopes, where the most common ones, **Ba and '*"Ba, have natural abun-
dances of 71.7% and 11.3%, respectively [43]. Both isotopes are nowadays extensively used
in experiments which aim to study the fundamental processes of atom-light interaction
in quantum optics and quantum information science [44-49|. Furthermore, the ¥"Ba*
seems to be also a good candidate for realization of precision frequency standards [50].
The lifetime of the metastable 5D/, state of 80s [51,52| is among the longest of cur-
rently used ions resulting in a very high quality factor at the quadrupolar 6S;/ <+ 5D3/o
transition of more than 1016,

2.1.1 Electronic level scheme

For the experiments presented in this thesis only **Ba™ is used. Several properties make
this element very convenient for ion trapping. It has no nuclear spin, which simplifies
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Figure 2.1: Electronic level scheme of 3¥Ba®. Wavelengths are given in nm and decay
rates are in MHz.

the laser cooling scheme. Furthermore, all the relevant electronic transitions for Doppler-
cooling are in the visible range, thus easy to handle and to detect, and the corresponding
wavelengths of 493 nm and 650 nm are obtainable with conventional laser diode setups.
The high atomic mass of Barium also makes it more resistant to background collisions in a
vacuum environment, which allows for longer storage times. The lowest electronic states
of 138Ba* are shown in figure The dipole transition 6S/ <> 6P/, with transition
wavelength 493.41 nm and decay rate 27 x 15.1 MHz is essential for all the experiments
presented in this thesis. It is used for laser cooling, optical pumping, readout of the qubit
states, and the light scattered from it serves for studies of quantum-electrodynamic effects
in various interference experiments. Furthermore, the wavelength of the emitted photons
is very close to the peak sensitivity of the human eye (498 nm) under low light intensity
conditions, where scotopic vision applies. This enables experiments, where single Barium
ions can be seen by bare eyes using simple optical imaging systems. Particularly in
our experiment, we trap and laser-cool a single Barium ion and collect about 2% of its
fluorescence by a macroscope (Leica/Wild M400), which under optimal driving conditions
allows us to observe a single atom directly with our eyes without any amplifying electronic
setups.

In about one out of four cases, the population of the 6P/, state decays into the
metastable 5D3/5 level, from where it is transferred back to the cooling transition using
a 649.69 nm laser. The 5D3/y <+ 6P,/ transition has a decay rate of 27 x 5.3 MHz.
The 6S;/2 «» 5D3/p and 65;/5 <+ 5Dj5/9 transitions are dipole-forbidden but quadrupole-
allowed with natural lifetimes of 80 and 64 seconds, respectively. They correspond to
obvious choices for the realization of qubits in *®Ba™. The initialization of one of the
qubit states can be done conveniently using a o-polarized 493 nm laser beam, which
optically pumps the ion into one of the 65,/ Zeeman substates. Qubit manipulations
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can then be carried out by narrow-linewidth lasers with the wavelengths of 2051 nm
and 1762 nm, that are nowadays commercially available with free-running linewidths of
several tens of kilohertz.

2.2 Basic theoretical description

2.2.1 Paul trap

An important condition for the realization of experiments with single-atom systems is
the ability to confine them in a well defined spatial region and to isolate them from
unwanted coupling to the environment. In the case of charged particles, the natural way
to achieve this is to exploit the interaction between them and electro-magnetic fields.
Strong confinement of charged particles in all three dimensions can be provided by Paul
traps, which employ a combination of static and dynamical electric potentials [53]. Paul
traps are extensively studied for example in [54,55] and a detailed description of the most
common traps used in Innsbruck can be found in [56-59]. Here we summarize only the
main terms and parameters related to the motion of a charged particle in a Paul trap.

Paul traps create potentials of quadrupolar spatial shape consisting of static and time-
dependent components. The motion is decoupled in spatial eigenmodes and thus we can
further consider only motion along one direction ¢. If we assume a sinusoidally varying
time-dependent part with frequency wgr, the solution of the classical equations of motion
of a charged particle with mass m and charge Z|e| in the lowest order approximation and
for stability parameters (a;,q;) < 1 can be found [55]

ri(t) o COS(ﬁi%tXl — %COS(Wﬁ't)), (2.1)

where (; =~ \/a; + qf /2. The parameters a; ~ Upc and ¢; ~ Ugp are usually called
stability parameters and are related to the geometry of the trap, the amplitude the applied
static Upc and radio-frequency Ugp voltages, frequency w,¢, charge and mass of the
ion [55]. As can be seen in equation , the solution for the trajectory r; corresponds to
the superposition of two oscillatory motions, one with an oscillation frequency v; = ;5%
called secular motion and motion with an oscillation period equal to the trap driving
frequency wgr called micromotion. The amplitude of the micromotion is smaller than the
amplitude of secular motion by a factor ¢;/2. The micromotion amplitude can usually be
made very small by shifting the ion to the exact minimum of the radio-frequency potential
and for many calculations it can be neglected [55]. The trajectory of an ion trapped in
a Paul trap can then be approximated by the one of a classical harmonic oscillator with
frequency v;, what corresponds to the so-called secular approximation. This comes from
the fact that one averages over one period of micromotion. Typical well depths associated
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with the corresponding potential are in the range from several hundred meV to tens of
eV [60].

2.2.2 Light-matter interaction

In this section we briefly introduce the description of the interaction of a two-level system
with a classical light field including the motional degrees of freedom of an atom trapped in
a Paul trap. The two-level approximation can be justified by the fact that fields coupling
to the atom are close to the resonance of the considered transition and off-resonant
interactions with other transitions are negligibly small. This is the case for the interactions
considered in this thesis, because the coupling strengths of the electromagnetic fields to
the employed transitions are much smaller than the detunings relevant for the possible
off-resonant couplings.
The total Hamiltonian of the trapped-atom-light system can be written as

H = 0O + B £ ), (2.2)

where H ), H™ and H® correspond to the Hamiltonian of a two-level system, the
motional Hamiltonian along one trap axis and the Hamiltonian describing the interaction
with the applied electromagnetic field, respectively.

The two-level Hamiltonian H(© can be conveniently expressed in the spin-1/2 operator
basis as

H = by 20le)e] — 9 {(g]) = o /2, (2.3)

where |g) and |e) correspond to the ground and excited states of the two-level system and
wo is the frequency corresponding to the energy difference between them. The Hamilto-
nian corresponding to the ion’s motion in the harmonic potential is

H™ = hy(afa+1/2), (2.4)

where creation a' and annihilation @ operators are defined for the quantum harmonic
motion of the ion with a frequency v. Since the wavelength of the light-field interacting
with the atom is typically much greater than the extension of its electronic wave function,
it is sufficient to treat the light field in the lowest order of its multipole expansion. Electric
dipole and quadrupole-allowed transitions can be jointly described by associating them
with a certain strength of the on-resonance coupling expressed by the Rabi frequency ().
For travelling electromagnetic waves with the wave-vector k, frequency w and phase ¢ at
the position of the atom, the coupling Hamiltonian has the form [55],

LY

B0 = T2(1g) (o] + |e) (g]) (¢16519) 4 gtk (25)

10
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Here 7 is the position operator of the ion and we assumed that laser is pointing along the
x-axis of the ion’s motion. After transformation into the interaction picture correspond-
ing to Hi(t) = UTV()U with U = eot/h interaction part V(t) = H® and the free
Hamiltonian Hy = H® + H (™) we perform a rotating-wave approximation by dropping
the fast oscillation terms with frequency (w+wp). We obtain the transformed interaction
Hamiltonian

- h2 . .
Hi(t) = 7&+ expi(n(ae™™" 4+ a'e™) — ot + ¢) + H.c., (2.6)

where 7 is the Lamb-Dicke parameter

n = kxo = k\/h/(2mv). (2.7)

Here x( is the atomic motional ground state wave-packet extension. The detuning § =
w —wy corresponds to the difference of the light field from the two-level system resonance
frequency. Equation describes the selective coupling between certain motional and
electronic states of a trapped ion induced by the interaction with a light field depending on
the detuning 0. The Rabi frequency for the transitions with motional quantum numbers
n and n 4+ m corresponds to,

U gm = Q{1+ m|e@+D )| (2.8)

Equation ([2.9) can be expanded in 7 to obtain a general form of the coupling strength
between the motional states of the atom with various phonon numbers [55,56,61] and can
be further simplified if the extension of the ion’s motional wave-function is much smaller
than wavelength of the light field interacting with it, what corresponds to the so-called
Lamb-Dicke regime, i.e. n < 1. Expansion to lowest order in 7 gives

- h$2 A o

Hine(t) = 7&+(1 +in(ae™™ + ale™)e' @9 4 Hec. (2.9)
This Hamiltonian contains three resonances, which correspond to the carrier transition,
the red and blue sideband transitions for the laser detunings 0 = 0, 6 = —v and 6 = v,
respectively. The corresponding Rabi frequencies for the red and blue sideband couplings
are

Quno1 =Q/nn and Q1 = QVn + 1, (2.10)

where (2 is the Rabi frequency on the carrier transition and n is the phonon number in
the relevant motional mode of the ion.

11
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2.3 Experimental setup

2.3.1 General overview

The main part of our experimental setup consists of two Paul traps enclosed in two sepa-
rate vacuum chambers. In both chambers the vacuum at the order of 1071° to 107! mbar
is maintained using ion pumps and Titanium-sublimation pumps and both systems are
equipped with vacuum gauges able to measure the pressure down to the 10~ mbar
range. Installed electron emitters (BaO-disc ES-015, Kimble-physics) allow us to achieve
ionization of an atomic beam by electron impact-ionization process. However due to the
higher ionization efficiency, isotope selectivity and absence of production of stray fields at
the trap electrodes we use solely a photo-ionization process for the experiments presented
here.

The lab is equipped with five laser systems. A photo-ionization laser at 413 nm, lasers
to excite dipole transitions at 493 nm, 650 nm, 614 nm and a 1.762 um laser used for
driving the narrow quadrupolar transition, see figure for the corresponding atomic
transitions. The beams from all the lasers are distributed to both ion traps. Laser
light at 413 nm used for photo-ionization of neutral Barium by a resonant two-photon
process |57] is generated using a commercially available diode laser (Toptica DL100). This
laser delivers 2.5 mW of optical power and is used in a free running regime, that means
its frequency is not actively stabilized but it is only manually adjusted according to the
measurement result on a wavemeter (High Finesse, WST7). The laser systems at 493 nm
and 650 nm are used for excitation of Barium ions on the dipole transitions 65/, <> 6P /5
and 6P/ < 5D3/2, respectively. Light at 650 nm is obtained directly from a laser diode
(Toptica, DL100) which is locked to an optical resonator using a Pound-Drever-Hall lock
(PDH) to improve its frequency stability. The maximum available power of the 650 nm
beam at the output of the laser is 8 mW. The 493 nm beam is generated by frequency
doubling of the 986 nm laser light coming from a diode laser system (Toptica, DL Pro)
at 986 nm, which is locked using a PDH-lock to an optical cavity. About 20 mW of the
493 nm light is available at the output of the doubling cavity. Part of the 493 nm beam
is used for a modulation-transfer-spectroscopy (MTS) lock to a Tellurium Te, transition.
The error signal from the MTS serves for the long-term stabilization of the 986 nm
cavity resonance frequency by shifting the position of one of the cavity mirrors using a
piezoelectric transducer. In this way long-term and short-term frequency stability of the
493 nm light is achieved. A more detailed description of the 493 nm laser system and
its locking scheme can be found in [62]. Laser systems with the output wavelengths of
1.762 pm and 614 nm for driving the quadrupole 65,/ < 5D5/, transition and the dipole
5D5/5 < 6P3/5 transition were developed within the experiments presented in this thesis,
and their detailed description can be found in chapter [3.2.2]
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2.3 Experimental setup

An essential part of all experiments presented in this thesis is the detection of single
fluorescence photons with a good time resolution and high detection efficiency. Pho-
ton counting in our laboratory is done mostly with photomultipliers (PMT, Hamamatsu
H7421-40), which have been partially replaced by fiber-coupled avalanche photodiodes
(APD, Laser Components, COUNT blue). The measured detection efficiencies of our
APDs at 493 nm are in the range of 60 to 70 %, providing us with the gain of almost
of factor of two compared to the electron-photomultipliers. Together with a very low
dark-count rate of less than 10 Hz, they became very crucial for the atom-photon corre-
lation measurements presented in chapter [} In our detection setup every single photon
detection event generates a T'TL pulse at the output of the detector which is then further
processed in NIM logic electronics consisting of a TTL to NIM pulse converter, discrima-
tion stage (LeCroy 821), pulse-counter (LeCroy 3615), time-to-digital converter (TDC,
LeCroy 4204) and histogram memory (LeCroy 3588). Continuous photon counting with
a fixed time interval is usually realized using the pulse-counter (LeCroy 3615) and moni-
tored by LabVIEW (National Instruments) software. In the pulsed regime, where precise
time definition of the detection time interval is required, photon counting is done us-
ing a time-tagging device (PicoHarp 300, PicoQuant) which records the arrival times of
detected photons with a resolution of up to 4 ps for two input channels. The detected
count rate in the defined time window can then be read out by summing the number of
detection events between two triggering pulses.

To generate the sequences of laser pulses and various triggering signals, we implemented
a programmable pulse generator (PPG) with 16 digital TTL output channels and a single
radio frequency output [63|. Fast switching of the laser beams is then realized by switching
the RF-signals sent to acousto-optical modulators. These signals are in the case of our
dipole transition lasers generated by voltage-controlled-oscillators and switched by TTL
pulses generated by the PPG digital outputs using a series of RF-switches. For the
1.76 pm laser, the RF-signal is generated by a direct-digital synthesizer, which allows
for phase-coherent switching necessary for the qubit manipulations. The PPG system
is controlled using computer software TrICS (Trapped Ion Control Software) currently
being developed in our group.

2.3.2 Ring trap setup

Here we will briefly describe the experimental setup containing the ring Paul trap. A
schematic overview of the experimental apparatus including the directions of the cooling
lasers, the coils generating the static magnetic field at the position of an ion and the
fluorescence detection setup is shown in the figure a). A detailed description of this
setup including the particular parameters of the vacuum chamber, Barium ovens and
resonance circuits can be found in reference [58].
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2 Trapping and manipulation of single Barium ions
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Figure 2.2: Experimental setup with the ring Paul trap. a) Configuration of the excita-
tion lasers, detection channels, high numerical aperture optics and the coils
for magnetic field generation. b) Depiction of the orientation of cooling lasers
with respect to the observation direction and normal modes of motion. All
dimensions are in mm.

Our ring trap corresponds to one of the most typical realizations of a Paul trap. It
consists of a single ring electrode and two endcaps aligned along its symmetry axis. The
ring electrode is made out of 0.2 mm molybdenum wire with inner radius of 0.7 mm and
two endcap electrodes with the same thickness separated by a distance of 1.4 mm, see
figure b). Two additional wires positioned perpendicularly with respect to the endcap
electrodes are used for micromotion compensation [58]. The ring electrode is connected
to a radio-frequency source at vrr ~ 19.4 MHz and the endcap electrodes are grounded.
The electric field creates a pseudopotential with a depth of around 50 eV and single
ion storage times can reach several months even in the absence of cooling lasers. The
motional modes can be decomposed into three normal modes along the axes x, y and z
as depicted in the figure b) with motional frequencies of v, = 0.9 MHz, v, = 1.1 MHz
and v, = 2 MHz, respectively, for a radio-frequency power of 5 W transmitted to the ring
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2.3 Experimental setup

electrode via helical resonator. Secular motions in the plane of the ring are called radial
motions and oscillation along the symmetry axis is usually referred to as axial motion.

Two pairs of Helmholtz coils are sufficient to precisely define a magnetic field collinear
with the observation direction and perpendicular to the cooling and excitation laser
beams. The fluorescence of the ion is collected in two opposite directions. A macro-
scope objective (Leica/Wild M400) with numerical aperture NA ~ 0.24 collects 1.5 %
of fluorescence light which is after additional spatial and frequency filtering focused on
the photomultiplier (PMT, Hamamatsu H7421-40) or an intensified CCD camera (Andor
Luca) depending on the position of a flip-mirror. In the opposite observation channel
the light is collected and collimated by a high quality custom-made high-NA lens (Linos,
Halo 25/04) with an NA = 0.4 positioned inside the vacuum chamber. The lens has a
working distance of 12 mm and collects the light from a 4 % fraction of the full solid
angle.

The main advantage of the ring-trap setup is the high contrast of the interference in
the single-mirror phase interference setup, which is mainly due to the high quality of the
employed imaging optics, its alignment and good Doppler cooling conditions. However,
there is a strong limitation in this setup in the possibility of individual addressing of ions
in a multi-ion crystal using one of the mentioned high-NA lenses imposed by the design
and the particular positioning of the ring-trap, which makes some particular experiments
with more ions difficult to realize. Experiments with more ions would be limited also by
the residual micromotion which can be well minimized only in the center of the trap.

2.3.3 Linear trap setup

In the following paragraph, we will summarize the experimental alignment and main
trapping parameters of the experimental setup employing a linear Paul trap. The fig-
ure a) shows a schematic depiction of the setup including the directions of exciting
lasers, the detection optics and the magnetic field coils. A detailed description of the
vacuum chamber and exact dimensions of the trap electrodes can be found in refer-
ence [57]. Our linear trap consists of four blades, with one diagonal pair of electrodes
connected to ground-potential and the second pair to a radio-frequency signal with fre-
quency vgrr ~ 15.1 MHz. The trap is operated with radio-frequency powers ranging from
2 to 7 Watts sent to the helical resonator depending on the number of ions stored and
particular experimental requirements. This configuration creates a dynamical potential in
the two radial directions of the trap. Additionally, a DC-voltage is applied to two endcap
electrodes positioned at each end of the symmetry axis of the trap to create confinement
in the axial direction. The important dimensions of our linear trap are depicted in fig-
ure b). The half-distances between the diagonal pairs of electrodes and between the
endcaps are 0.7 mm and 2.2 mm, respectively. Three pairs of micromotion compensation
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Figure 2.3: Sketch of the experimental setup employing the linear Paul trap. a) Scheme
of the overall configuration of the laser beams, static and radio-frequency

magnetic fields and observation channels. b) Orientation of the linear trap

with respect to the plane of the optical table and directions of the laser beams,

including the relevant dimensions of trapping electrodes and directions of the

normal modes of motion. All dimensions are in mm.

electrodes are positioned along the trap axis to compensate for effects caused by stray

fields leading to a displacement of the ion from the radio-frequency potential minimum.

The corresponding Lamb-Dicke parameters for the Doppler cooling 65/, «» 6P/, and
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quadrupolar 6S;/, «» 5Ds/o transitions and for the directions of the laser beams as pre-
sented in the figure [2.3] are summarized in table The trap is positioned at an angle of

’ Motional mode H X ‘ y ‘ zZ ‘
v (MHz) 1.62 1.66 0.91

n for 493 nm cooling beam | 0.0275 | 0.0271 | 0.0571

n for 1.76 um exciting beam | 0.0111 | 0.0109 | 0.0086

Table 2.1: Summary of Lamb-Dicke parameters n relevant for Doppler cooling on the
6S1/2 < 6P/ transition and excitation of the 6S;/; < 5Ds/; quadrupolar
transition of the Barium ion in the linear Paul trap setup. Frequencies v
correspond to the measured frequencies of secular motion for typical trapping
parameters corresponding to an applied RF-power Prrp = 6.5 W and constant
tip voltages of Ui, = 500 V.

22.5° out of the horizontal plane corresponding to the plane of the optical table, which
enables cooling of the radial modes with the 493 nm beam propagating almost along the
direction of the two endcaps. This beam is very convenient for loading of ions due to its
simple spatial alignment procedure.

The essential parts of this experimental setup are two high numerical aperture lenses (Linos
Halo 25/04) used for collection of the fluorescence emitted by the ion. These lenses are
positioned inside the vacuum can at a distance of approximately 12 mm from the ion. The
numerical aperture of each lens is 0.4, which corresponds to about 4 % of the full solid
angle and gives the possibility to collect altogether about 12 % of the emitted fluorescence
for the case of a linear dipole oriented perpendicular to the observation direction. The
peak-to-valley wavefront abberations of a comparable lens were measured to be below
A/10 at 493 nm [64], sufficient for high-contrast interference experiments with fluores-
cence light [65,66]. One of the lenses focuses the ion’s fluorescence to a fiber-coupled
avalanche photodiode (Laser Components, COUNT blue) or to an intensified CCD cam-
era (Andor iXon), the other lens is used for collimation of the collected fluorescence and
its reflection back onto an ion to demonstrate the self-interference [39]. A magnetic field
with an amplitude of a few Gauss at the position of the ion is generated by three pairs
of Helmholtz coils, two in the horizontal plane and one in the vertical direction. This
configuration allows for compensation of the earth magnetic field and setting of an arbi-
trary static magnetic field direction. In all the experiments presented in this thesis, the
magnetic field is oriented along the direction opposite to the propagation of the optical
pumping beam at 493 nm. The coil of approximately 10 cm diameter is positioned at
the distance of 6 cm from the trap center for the purpose of driving magnetic dipole
transitions with a frequency splitting of several MHz, see chapter for details.
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3 Coherent quantum manipulations on
Barium

3.1 Introduction

This chapter is dedicated to the description of qubits realized with *¥Ba™ ions. We
have realized two different qubits, one on the quadrupolar transition 6S;/, < 5Ds/o
with a frequency splitting of 1701.3 THz and a second on the magnetic dipole transition
between the two Zeeman sublevels of the 6S;/, state with frequency splitting of 11.5 MHz
at a static magnetic field of 4.1 G, see figure [3.1] Throughout the thesis we will refer to
these qubits as optical and radio-frequency (RF) qubits, respectively.

o, — "*Ba’ g-bits
6P,, =
5D3/2
68, Wf—" T1IMHz@4.1G

Figure 3.1: Electronic level scheme of the Barium ion including the level splitting due to
the Zeeman effect. We realize efficient initialization and control of a qubit
using operations on the narrow RF and optical transitions. Initialization of
both qubits is achieved by optical pumping using o-polarized 493 nm laser
beam.

Precise control and manipulation of quantum states on these transitions is an important
step towards the realization of quantum communication schemes and precise studies of
quantum electrodynamics effects in our experiments. Furthermore, the interaction of the
narrow laser on the motional sidebands of quadrupolar transition enables cooling the ion

19



3 Coherent quantum manipulations on Barium

close to its motional ground state by means of sideband cooling which further increases
the efficiency of all studied interference effects, as demonstrated in chapter [l Most of
the experimental techniques described here are already well established in experiments
concerned with the realization of quantum algorithms [67], quantum simulations [68|
or precision spectroscopy [69] with trapped ion systems. The theoretical background
describing the qubit operations is well developed and can be found in a number of theses
and articles. For this reason, we will focus here only on the main experimental results
and important parameters of our qubit realizations with *¥Ba™.

3.1.1 Quantum bits

The quantum state of a two-level system can be expressed as [¢)) = «|0) + 3|1), where
a and (3 are complex coefficients satisfying the normalization condition |a|?* + |3|> = 1.
An important distinction with respect to classical bits is that qubits can form any linear
combination of states |0) and |1). They can be visualized in a useful way in a unit
three-dimensional sphere by a vector pointing from the center of the sphere with its
direction given in polar coordinates by angles ¢ and 6, usually referred to as Bloch sphere
representation. In this picture, the state of the qubit can be written as

[4) = cos(0/2)]0) + e sin(6/2)[1), (3.1)

where we have omitted a global phase factor. Then the rotation of the state about the
x,y or z axes by angle ( can be written as

~

Ra;ﬂ,z(C) = eXp(_i(C/2)a—x,y,z)7 (32>

respectively, where o,,0, and o, are the Pauli operators. Pulses of length ¢, phase ¢
and Rabi frequency () resonant with the carrier transitions realize single qubit unitary
rotations corresponding to

B i 0 At i | A— —id

R(0,¢) = exp(i—iHcarrt) = exp(zﬁ(a e’ +ae "), (3.3)
where H.,,, is the interaction Hamiltonian for the carrier transition (§ = 0) in the Lamb-
Dicke regime (eq.[2.9) and 6 = Qt is the corresponding angle of rotation or pulse area [55].
The expression (|3.3|) corresponds to a rotation of a state around the axis lying in the z—y-
plane of the Bloch sphere

R(0,¢) = exp(z'g(cos 0, + sin ¢a,)), (3.4)

and a sequence of such rotations is sufficient for the realization of arbitrary single qubit
operations [70].
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3.2 Barium quadrupole transition

3.2 Barium quadrupole transition

The main advantage of using an electric dipole-forbidden transition for implementing the
qubit is the long lifetime of the excited metastable state, by which means the decoherence
caused by spontaneous emission is strongly suppressed. However, other limitations for
the coherence of qubits implemented on these transitions, such as fluctuations of the laser
frequency or the amplitude of the applied magnetic field must be taken into an account.
The necessary condition for the useful implementation of any atomic qubit is that the
Rabi frequency of the applied laser field on the transition must be much faster than any
decoherence process, but small enough for neglecting the off-resonant excitation of any
other transition. In our experiment we employ the quadrupole transition 65,/ «+5D5;
with transition wavelength 1.76 pm and lifetime of 64 seconds. This transition has been
extensively studied in [71,72|, where the authors demonstrated Rabi oscillations with the
137TBa™ isotope.

Interaction between the electric quadrupole moment ) and the electric field £ occurs
via its gradient VE and the corresponding interaction Hamiltonian is

HY = QVE. (3.5)

This Hamiltonian takes the form of equation (2.5 if the Rabi frequency is defined as
|73, 74]
GEO

0=
2h

(S1/2,m|(€-1)(k-1)|Ds/2,m")| . (3.6)
Here Ej is the amplitude of the electric field, r is the position operator of the electron with
respect to the center of mass of the atom and (m, m’) are the magnetic quantum numbers.
For the interaction on the quadrupole transition, the selection rules allow transitions with
a change of the magnetic quantum number of |m —m’| = {0, 1,2}. Using expression (3.6))
the strength of the coupling on the quadrupole transition can be evaluated for different
geometrical configurations and for particular changes of the magnetic quantum number
expressed by different Clebsch-Gordan coefficients C'(m,m’) [73]. In our linear Paul trap
experimental setup, the direction of the applied magnetic field B is perpendicular to
the wave vector k of the driving laser, therefore it is impossible to excite the Am = 0
transitions for any direction of the optical polarization vector € [56], see figure .

3.2.1 Pulsed spectroscopy

The quadrupole transition is investigated using a pulsed manipulation. The sequence of
pulses can be divided into cooling, state initialization, state manipulation and detection

periods, see fig. a).
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Figure 3.2: a) The geometrical configuration of the magnetic field B, wave vector k and
polarization € in our experimental setup allows us to drive transitions where
the change of the magnetic quantum number |Am| = {1,2}. b) The the-
oretical prediction of the spectrum of our quadrupole transition. Height of
the individual spectral lines is given by the square of the product of geomet-
rical factor g(Am) and Clebsch-Gordan coefficient C'(m, m’). The frequency
splitting is plotted in units of u = pB/h.

During the cooling period, the ion is first optically pumped to the electronic ground
state 6S; /2 by near-resonant excitation of the 5D5/; <+ 6P3/5 transition using 614 nm laser
light. From the 6P3/, state it can, however, spontaneously decay with a probability of
3.6 % also to the metastable 5D3/, level, which is then depopulated using 650 nm laser
light. Doppler cooling on the 6S;/; <+ 6P/, transition lasting about 2ms results in a
mean phonon number of 7 ~ 10 in each motional mode. A single 493 nm o laser pulse
propagating along the direction of the magnetic field with duration of several tens of us is
then applied to move the population into the 6S;/5(m = —1/2) state. By comparing the
detected fluorescence intensity on the dipole 65,/ <+ 6P/, transition during excitation
with ¢ and linearly polarized beams we estimated the probability of finding the ion in
the desired Zeeman sublevel after optical pumping to be more than 99.7 %. In the next
step, sideband cooling can be optionally used to cool the ion close to its motional ground
state, see chapter 4.2

During the quantum state manipulation period, the electronic state of the ion on the
qubit transition is manipulated by applying a sequence of 1.76 um pulses with various
frequencies, phase and durations. These operations can be used both for the preparation
of the qubit state and for its tomographic reconstruction. The state of the qubit is read
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Figure 3.3: a) Typical pulse sequence for investigating the quadrupole transition. b) Ex-
ample of the excitation probability measurement by electron shelving method.
The presented data are the result of 200 experiments.

out using the electron-shelving technique. By continuous excitation of the 6S;/, < 6P o
transition using the 493 nm laser for about 1ms and detection of the scattered fluores-
cence, the state of the electron is projected on the ground 65, or excited 5Dj5/5 electronic
states. Projection on the S or D states is resolved by observation of the fluorescence count-
rate above or below a certain threshold, respectively. The threshold corresponds to the
count rate value which unambiguously separates the Poissonian distribution of the de-
tected fluorescence photon number from the background noise peak with a small mean
photon-number value.

The result of a single pulse sequence which ends with a projective measurement is a
binary output reporting on finding the ion in the electronic ground or excited state. The
experiment is repeated typically 200 times with the same parameters and the resulting
normalized rates of finding the atom in the ground or excited state are used for an esti-
mation of the probability P, of the atom being in the excited 5Dj5 /5 state. An example of
the generated histogram of detected count rates is given in the ﬁg.b). The normalized
sum of the number of detection events separated by the threshold-line corresponds to the
excitation probability.
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3 Coherent quantum manipulations on Barium

3.2.2 1.76 ym and 614 nm laser setups

We implemented two new laser setups at 1.76 um and 614nm and a reference optical
cavity for realization of their frequency stabilization to demonstrate qubit operations and
sideband cooling on the Barium quadrupolar 6S; /3 «+5D5,5 transition.

Optical cavity

The optical cavity is made of a 10cm long ultra-low expansion (ULE) spacer (thermal
expansion coefficient of less than 107°/mK) that corresponds to the free spectral range of
1.5 GHz. As shown in figure[3.4] the spacer in fact comprises four cavities that enable the
simultaneous stabilization of four different lasers (493 nm, 650 nm, 614 nm, 1760 nm).
The cavity for the 1.76 um laser is made out of high reflectivity mirrors which, in or-
der to improve the length stability, are not mounted on piezo-electric transducers, as is
the case for the three dipole laser reference cavities. The cavity is surrounded by an
aluminium enclosure and placed in a stainless steel vacuum can. The vacuum chamber
is kept at a constant pressure of 10™® mbar using an ion getter pump. This provides
thermal isolation from the environment and prevents pressure changes. For further stabi-
lization, the vacuum can is enclosed in another aluminium housing to which four Peltier
elements are connected. Temperature is then stabilized using a digital controller and the
feedback-independent temperature measurements show long-term variation of the tem-
perature inside the aluminium box of less than +1 mK. Measurement of the 1.76 um
cavity frequency drift as a function of its temperature reveals that the minimal sensitiv-
ity of the cavity resonant frequency to the ULE spacer temperature change corresponding
to its zero expansion point is around 4°C. The metal housing is surrounded by a 5cm
thick layer of polystyrene and a plastic box for thermal and acoustic isolation. The whole
cavity setup is mounted on a vibration isolation platform (Minus K Technology, BM-1).
Ring down measurements show 1.76 um cavity finesse of 1.94 x 10°, which corresponds
to a linewidth of 7.7 kHz (FWHM).

1.76 pm laser setup

An ion is excited on the quadrupole transition using a Thulium doped (Tm?*") fiber laser
(Koheras Adjustik™) with a wavelength of 1.762 um. The laser frequency is actively
stabilized to a high finesse cavity. A similar laser system has been used and described in
reference [72|. The laser delivers 60 mW of power and the measured free running linewidth
is about 20kHz. It is pumped by a 1600 nm laser diode and feedback is provided by a
distributed feedback mechanism, where a 5 cm long Bragg grating is incorporated in the
Thulium doped fiber. The wavelength of the fiber laser is tunable within 2 nm with tuning
sensitivity of about 40 pm/K by controlling the temperature of the substrate which holds
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Figure 3.4: Schematic experimental setup of the 1.76 ym and 614 nm laser systems. Both
lasers are frequency stabilized to Fabry-Pérot cavities placed in the same four-
hole spacer using the Pound-Drever-Hall locking technique.

the fiber. For faster tuning applications, a piezoelectric component is used for straining
the fiber and changing the laser frequency within a range of 30 pm with the sensitivity of
about 0.2 pm/V. In order to reach a wavelength close to the resonance of our quadrupole
transition we operate the fiber laser at a temperature of 43.6°C.

The emitted laser light comes out of the single mode fiber and passes through a 60 dB
Faraday isolator (FI) to avoid the optical feedback from optical components back to the
laser, see figure [3.4] An acousto-optic modulator AO1 shifts the laser frequency by -250
MHz and the remaining 0-th order beam is used for estimation of the laser wavelength by
a wavemeter (Bristol Instruments, Model 621A-IR). The diffracted minus 1** order beam
is split into two parts by a polarizing beam splitter (PBS). The part with an optical power
of 2 mW is fiber guided to the optical cavity for frequency stabilization. The other part
is intensity stabilized by measurement of a small fraction of the light on a photodiode
and feedback of the generated error-signal to the AO2 [75]. The intensity of the beam
and the additional frequency offset are then set by frequency modulation using AO3.
The power and frequency of the radio-frequency signal driving AO3 is controlled using a
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3 Coherent quantum manipulations on Barium

programmable pulse generator. The resulting light frequency is set to be near-resonant
with the ion’s transition and can be tuned within a frequency range of about 100 MHz.
The first order diffraction from AO3 is distributed to both ring-trap and linear-trap
setups by sending it through single mode polarization maintaining fibers. In the linear-
trap setup, light passes a high numerical aperture objective (NA=0.15) positioned about
5 cm from the trap center and about 4 mW of laser power is available for the excitation
of an ion. We coupled the 1.76 pm laser light to the ions also in the ring-trap setup
where we excited them through the macroscope objective, see figure 2.2} However, all the
results presented in this thesis concerning the quadrupolar transition investigations were
obtained solely in the linear-trap experiment, which is more convenient for realization of
the measurements with two-ion crystals presented in chapter [ due to the better control
of their motion and position.

The frequency of the 1.76 um fiber laser is stabilized to the optical cavity by the Pound-
Drever-Hall technique, see schematic diagram in figure[3.4f The beam is phase modulated
by an electro-optical modulator (LINOS, PM-C-BB) at a frequency of 5.4 MHz and its
back-reflected part from the cavity is detected by the photodiode. The error signal is
derived by mixing the photodiode output signal with the reference oscillator and sent to
two Pl-servo circuits. The low frequency part of the generated error signal is filtered by a
15 kHz low-pass filter and is fed back to the piezo-electric actuator inside the fiber-laser.
The error signal without any frequency filtering is sent to the AO1 to compensate for the
changes of the laser frequency faster than the piezo response. The bandwidth of the fast
circuit is limited only by the signal delay due to the speed of sound in the acousto-optical
crystal AO1 to about 1 MHz, which is much beyond the measured free-running linewidth
of the fiber laser. By performing high resolution spectroscopy of the 6S;/; < 5Ds/o
transition with a single trapped Barium ion we estimate the upper limit for the laser
linewidth to be 630 =+ 80 Hz, see section [3.2.4]

614 nm laser setup

In order to perform efficient sideband cooling and spectroscopy on the quadrupole 65, /5 <
5Ds5/o transition, it is necessary to move the population of the 5Dj5/y level back to the
651 /2 manifold with high rate. For this purpose we set up a diode laser system consisting
of a master laser (Toptica, DL-DFB) and a doubling cavity (Toptica, DL-SHG) with
output that is resonant with the 5D5/y <+ 6P3/5 dipole transition.

The output beam of the master laser with a wavelength of 1228 nm passes through
an optical isolator and is coupled into an amplifier with a tapered gain region. The
measured output power is 15 mW. The reflections from an uncoated glass plate are then
used to generate two beams, each with an optical power of about 0.5mW, see figure [3.4]
These beams are used for locking the master laser frequency to an optical cavity and
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3.2 Barium quadrupole transition

for measurement of its wavelength on the wavemeter, respectively. A Pound-Drever-
Hall error signal is derived from the back-reflected cavity signal and fed back to the
laser current. The rest of the 1228 nm laser beam pumps a second harmonic generator
that provides 2mW of light at wavelength 614 nm. 300 uW of this beam is guided to the
experimental table by a single-mode polarization-maintaining fiber, where it is overlapped
with the 650 nm and 493 nm laser beams and focused on the ion.

3.2.3 Quadrupolar transition spectroscopy
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Figure 3.5: Quantum jumps on the quadrupolar transition measured on a single Barium
ion.

Here we investigate the quadrupolar transition with spectroscopy methods. We first
observe quantum jumps of the atomic valence electron between the metastable 5D5 /5 and
651 /2 states. Quantum jumps are usually manifested by the abrupt cessation and recovery
of the fluorescence signal on a strong transition that is coupled to one of the metastable
states [40,76,77|. In our case, we excite the strong dipole cooling transition 65/, <= 6P /s
and at the same time we continuously weakly probe the quadrupolar 65, /5 < 5D5 /5 tran-
sition by a near resonant 1.76 pum laser. When the electron is excited into the metastable
state, the detected fluorescence on the dipole transition abruptly disappears, and when
the electron moves back to the strongly driven dipole transition the fluorescence signal
recovers, see figure |3.5. The rate of the quantum jumps on the quadrupolar transition
depends on the frequency detuning and spatial alignment of the 1.76 yum laser. By mak-
ing this rate much higher than the detection integration time of the fluorescence on the
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Figure 3.6: Quadrupole transition spectra.

strong dipole transition (in our case typically set to 100 ms), quantum jumps cease being
resolvable in the detected count rate. Instead, the amount of detected fluorescence on
the strong dipole transition per given detection time then decreases due to the finite time
which the electron spends in the metastable 5Dj /5 state. This measurement thus provides
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6S1/2(m = —1/2) < 5Ds/y transition spectrum, where individual carrier
transitions are clearly resolved. Figure b) shows a single carrier (6S;/2(m =
—1/2) < 5Ds/5(m = —5/2)) and the corresponding secular motional side-
bands. The same measurement for a two-ion-crystal is presented in figure c).

Figure a) shows a measurement of the



3.2 Barium quadrupole transition

a continuous signal for setting the laser driving parameters and it is sometimes referred
to as observation of grey-out of quantum jumps. It is a very useful tool for maximizing
the spatial coupling of the 1.76 pum laser beam to the ion and setting the parameters
of the 614 nm repumping laser in the initial stage of the experiment, before the first
spectroscopic measurements of the 65/, «<» 5D5/, transition can be realized.

Next, we perform spectroscopy on the quadrupolar transition in the experiment, in
which we measure the excitation probability on the 6S;/; <+ 5D5/ transition as a func-
tion of the 1.76 pum laser detuning. The pulse sequence corresponds to the most simple
version of the sequence presented in the figure [3.3] After Doppler cooling, the ion is
optically pumped into the 65,/ (;m——_1/2) state and a single 1.76 pm laser pulse excites the
quadrupolar transition. The electron shelving detection technique is then used for mea-
suring the ion’s state. The experiment is repeated 100 times for each frequency detuning
of the 1.76 pum laser to estimate the corresponding excitation probability value.

An applied magnetic field of 4.08 Gauss lifts the degeneracy of the quadrupolar transi-
tion and spreads the measured spectrum over more than 40 MHz, see figure a). Four
carrier resonances corresponding to the |Am| = 1,2 transitions and their corresponding
motional sidebands are clearly resolved, while the Am = 0 transition is excited only
weakly due to our geometrical configuration. The measured frequency distance between
the neighboring carrier transitions is 6.9 MHz. A strong micromotion sideband corre-
sponding to the 6S; /2 (m=—1/2) ¢ 5Ds/2,(m=—5/2) carrier is due to the micromotion along
the 1.76 pum laser direction. Minimizing the amplitude of this micromotion peak always
seemed to increase the micromotion in the ion-mirror direction in our linear-trap setup,
which is more crucial for the realized interference experiments with 65/, <> 6P/, flu-
orescence photons. The relatively large measured amplitude of the micromotion peak
compared to the corresponding carrier transition is partially caused also by the single-
pass configuration of our 1.76 um acousto-optical modulator AO4. Optimal diffraction
efficiency of the AO4 and coupling efficiency to the single mode optical fiber leading to
the trap was in the case of the presented measurements set for the center of the spec-
trum. The available excitation power after the single-mode fiber was then approximately
three-times lower for the excitation of the outermost carrier transitions compared to the
center of the spectra.

The motional sideband structure can be resolved more clearly by measuring a single
carrier transition with a higher frequency resolution. Figures b) and c¢) show the
recorded spectrum of the Syjo(m = —1/2) < 5Dy 5(m = —5/2) carrier transition for sin-
gle and two ion crystals, respectively. Individual motional sidebands are clearly resolved.
The irregular shapes of the carrier transition peaks are caused by the Rabi oscillations
due to a finite length of the 1.76 pum excitation pulse. The measured frequencies of the
secular motions are vy =0.91 MHz, viaqiax =1.62 MHz and vpaq;ay = 1.66 MHz, re-
spectively. The absorption strength on the radial sidebands is almost equal or noticeably
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3 Coherent quantum manipulations on Barium

higher than on the axial motional sideband, even though they have higher frequency. This
is mainly due to the orientation of principal motional axes with respect to the Doppler
cooling (493 nm) and excitation (1.76 pm) laser beams, see table [2.1|for the summary of
the corresponding Lamb-Dicke parameters. Coupling to higher order motional sidebands
is not observed due to the very small Lamb-Dicke parameters for the 1.76 pym laser beam
for all the motional modes.

3.2.4 Quadrupolar transition coherent operations
Rabi oscillations

More information about the strength and coherence of our laser-ion interaction on the

quadrupolar transition can be obtained by varying the length of the exciting laser pulse.
If we neglect dissipative terms, the time evolution of the two-level atom interacting with

a classical light field can be found by solving the time-dependent Schrodinger equation.

This leads to the well known expression for the excitation probability P.(t) as a function

of laser driving time and coupling strength  [78|,

2

P =] s, (37)

where Q = vQ2 + 62, § is the laser detuning and Q is the Rabi frequency on resonance.

In the case of a single ion trapped in a harmonic potential, the coupling strength of the
laser to the electronic transition strongly depends on the occupation of vibrational modes
which have non-zero projection on the direction of the driving beam. By evaluation of the
equation for Rabi frequency for m = 0, the expression for the carrier Rabi frequency
), for different motional populations n can be found [61,79] to be

Q, = Qoe 2L (), (3.8)

where L?(n?) is the Laguerre polynomial. The shape of the Rabi oscillations after Doppler
cooling can then be calculated by averaging the time dynamics in equation (3.7)) over a
Boltzmann distribution of motional states with a mean phonon number value

p(n,n) =n"/(m+1)" (3.9)

This gives rise to a dephasing mechanism of the Rabi oscillation contrast due to the
simultaneous observation of flops with different frequencies between thermally populated
vibrational states of the ion. The excitation probability on resonance (6 = 0) as a function
of time can then be expressed as

P.(t) =Y p(n,n)sin®(Qt). (3.10)
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Figure 3.7: Measurements of Rabi oscillations on the 6S;/2 (m——1/2) > 5Ds/2,(m=—5/2)
quadrupole transition for a thermal motional state. a) The high observable
number of Rabi oscillations is due to a very small Lamb-Dicke parameter in
our setup. The presented data are fitted by the equation , where the
main source of decoherence is the thermal occupation of the ion’s motional
modes. The 1.76 pum laser parameters correspond to the maximum Rabi
frequency 1.29 MHz achievable with our setup. b) For optimal Doppler-
cooling parameters and smaller Rabi frequencies almost no decay of the Rabi
oscillation contrast is observed for up to 7 flops. The Rabi frequency estimated
from the fit is 350 kHz.

By inserting the expression for the carrier Rabi frequency ({3.8]) into equation (3.10)) and
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3 Coherent quantum manipulations on Barium

expanding is to first order in n? we obtain [56]

L/ cos(2Q0t) + 2Qtn*R sin(ZQgt)> (3.11)

Felt) =3 < 1+ (Qtn?n)?

As shown in the reference [56], this approximate solution is in a good agreement with
the precise model for the times ¢ much smaller than the time interval corresponding to
N = 1/(7m*n*) Rabi oscillations.

Plots of typical Rabi oscillations measured in our system are shown in figure |3.7, For
particular experimental settings, high contrast of the excitation to the 5Dj5/, level can be
observed for up to several milliseconds and more than 30 flops. Contrast at long time
scales is mostly limited by the residual motion of the ion and 50 Hz noise of the magnetic
field at the position of the ion.

Phase coherence measurements

/2,0 < waiting time t > /2, &

>

S
time

Figure 3.8: Ramsey-experiment pulse sequence.

In this section we will present experimental investigations of the phase-coherence of
our quadrupolar qubit. Besides the fundamental limit on the decoherence rate set by the
lifetime of the excited 5D5/, state, the main sources of decoherence are fluctuations of
the ambient magnetic field that cause the shift of energy levels via the Zeeman effect and
fluctuations of the laser frequency. Random changes of the relative phase of the laser
light with respect to the phase of the atomic qubit cause dephasing of an initial state
prepared in some coherent superposition to an incoherent mixture.

The coherence of the atomic qubit can be measured using a Ramsey-interference exper-
iment [80]. Two pulses with areas of 7/2 and relative phase difference A¢ are applied to
the atomic transition with a certain time delay 7 between them, see figure 3.8/ The first
pulse creates a coherent superposition of the ground and excited states and the second
pulse probes how much the phase of the atomic qubit has evolved during the waiting
period with respect to the phase of the driving laser. A change of the second Ramsey
pulse phase corresponds to a change of the rotation axis in the equatorial plane of the
Bloch sphere. The excited state population should thus vary periodically with this phase
difference if the second pulse amplitude is added coherently to the amplitude of rotation
of the first pulse in the same or opposite directions. The experiment is repeated many
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Figure 3.9:  Measurements of the Ramsey interference experiments on the
6S1/2,m=—1/2) > 5Ds2,(m=—3/2) quadrupolar transition. a) Measure-
ment of the excitation probability as a function of the second Ramsey-pulse
phase ¢ with nearly unity contrast of the interference fringes for 7 = 0.
b) Characterization of the Ramsey interference contrast as a function of
the waiting time 7. For long waiting times the contrast decreases due
to decoherence caused mostly by magnetic field fluctuations with 50 Hz
periodicity, therefore the starting time of the experimental sequences is
synchronized with 50 Hz power line (red circles). The coherence time can be
further increased by using a spin-echo technique (blue squares). The error
bars correspond to one standard deviation.

times, therefore any random mutual changes of the phase give rise to random probabili-
ties of finding the ion in the ground or the excited states, which are then manifested by
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3 Coherent quantum manipulations on Barium

a decreased contrast of the measured interference fringes.

Typical measurements of the Ramsey interference on our quadrupolar transition for
7 = 0 are shown in figure a). The measured contrast of 98.7 £ 0.8 % proves the
high degree of control over our single-qubit operations. For longer Ramsey waiting times
7, the measured contrast decreases due to the loss of phase coherence that is mainly
caused by the large ambient magnetic field fluctuations at 50 Hz with an amplitude of
about 20 mG at the position of the ion. Experimental cycles are synchronized with the
power line frequency to minimize this effect so that every experimental sequence starts
at the same phase of 50 Hz fluctuations. The measured decay of the Ramsey interference
contrast is shown in figure b). The red dots correspond to a measurement with power
line synchronization and the exponential fit yields a coherence time of 1.6 £+ 0.2 ms.
Blue squares correspond to data obtained with a single spin-echo pulse applied in the
middle of the Ramsey pulse sequence. This technique eliminates the effect of noise with
frequency smaller than the inverse of the Ramsey waiting time. The direction of phase
drift of the atomic superposition is flipped by applying an additional carrier laser pulse
of length 7 after half of the Ramsey waiting time. The improved Ramsey decay time
(> 3 ms) suggests that the main source of dephasing in our system is still coming from
low frequency fluctuations, most likely corresponding to the ambient magnetic field noise.

The degree of control achieved on our quadrupolar qubit transition and coherence times
reached are much beyond the requirements needed for the realization of the experiments
presented in this thesis. Further improvements of our quadrupole qubit coherence times
can be easily implemented by an active magnetic field stabilization system [70].

33 681/2’(m:_1/2) — 681/27<m:+1/2) RF transition

The insensitivity to the motion and availability of narrow radio-frequency sources with
power stability at the order 10~° makes radio-frequency transitions a convenient candidate
for atomic qubits. In this section we demonstrate the basic qubit operations on the
681/27(m:_1/2) s 681/27(7%:_;,_1/2) RF-transition.

3.3.1 Introduction

For the purpose of the entanglement generation experiment presented in chapter [6] we
realize a qubit on a two-level system consisting of the two Zeeman substates _0>f the
651/2 level with an energy splitting hw, introduced by a weak magnetic field 5 due
to the Zeeman effect. This transition correspo_n)ds to a magnetic dipole transition agd
can be driven by an oscillating magnetic field Bj cos(wpt) perpendicular to the field B.
If the frequency of the applied time-dependent magnetic field is equal to the energy
splitting between the two Zeeman states (w;, = wp), the counterclockwise component
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of E; accompanies the spin in its Larmor precession around ﬁ, whereas the clockwise
component rotates at the frequency —2w;, with respect to the spin and thus has negligible
effect on it [81]. The strength of the coupling between the driving oscillatory magnetic
field and the atomic transition can be conveniently expressed in the frame rotating at
the frequency wy, around the direction of magnetic field ?, QRF = /Q, +0;,. Here
Q; = |p||Bi1|/h is the on-resonance Rabi frequency with p being the magnetic dipole
matrix element and ¢, = wy; — wy is the detuning.

3.3.2 Experimental setup and sequence

Operations on the 65/ (m=—1/2) <> 651/2,(m=+1/2) transition are initialized by optical
pumping of the atomic population to a 6S;/2(m——1/2) state by the 493 nm o~ beam
propagating along the direction of thi> magnetic field B. The RF-transition is driven
by a time-dependent magnetic field By with oscillation frequency equal to the energy
splitting between the two states. The read-out of the RF-qubit state is accomplished
by transfer of the 65/ (;m=—1/2) population to the metastable 5D5/, state using a single
1.76 pm laser pulse and by scattering and detection of the fluorescence on the dipole
651 /2 < 6Py /5 transition.

We generate the oscillatory magnetic field in our linear-trap setup in two different ways.
We apply the RF-signal resonant with the 65,/ Zeeman sublevels energy splitting directly
to one of the unused micromotion-compensation electrodes. This enables us to observe the
spectrum of the RF-transition and demonstrate high fidelity coherent operations on the
RF-qubit, however, it proved to be difficult to reach Rabi frequencies higher than 60 kHz,
which are necessary for some further applications. This is mainly due to poor generation
efficiency of the oscillating magnetic field using a compensation electrode consisting of a
single rod perpendicular to the desired direction of the generated field. An increase of
the driving RF-field amplitude in this case also causes considerable motional heating due
to the generated oscillating electric field.

The second method is based on driving an LC-resonant circuit at the frequency cor-
responding to the Zeeman splitting induced by B. The circuit consists of a coil with
8.5 cm diameter with just a single winding made out of a 1 mm thick copper wire and
a 680 pF capacitor connected in parallel to it. The particular parameters were chosen
to reach the resonance frequency of 11.5 MHz, which corresponds to the energy splitting
between the 6S; /2 (m——1/2) and 6S; /2 (m=41/2) states for a static magnetic field amplitude
of \?! = 4.1 G. The LC-circuit parameters were then slightly tuned according to the mea-
sured reflection of radio-frequency power from the circuit to reach the exact desired center
frequency. The reflected signal shows a 4 dB resonance dip in reflection with FWHM of
about 2 MHz at the center frequency of 11.4 MHz. The coil is installed outside the
vacuum chamber approximately 6 cm from the position of the ion. The RF-signal gener-
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3 Coherent quantum manipulations on Barium

ated by the direct-digital-synthesizer or RF-generator is amplified using a 2 W amplifier
(Mini-Circuits, ZHL-1-2W) and connected to the LC-circuit via an unidirectional-coupler
(Mini-Circuits, ZDC-10-1+) to prevent the reflected power from reaching the amplifier.
Using this setup we were able to efficiently excite the RF-transition of an ion without
any observable motional heating.

3.3.3 Spectroscopy and coherent operations
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Figure 3.10: Spectrum of the 681 /2 (m——1/2) +> 651 /2, (m=+1/2) magnetic dipole transition.

Figure [3.10] shows the measured spectrum of our magnetic dipole transition. The
absence of any motional sidebands in the spectra is due to the extremely small Lamb-
Dicke parameters for the wavelength of radiation corresponding to the radio-frequency
signal of 11.5 MHz, which are on the order of n ~ 107°. The power-broadened carrier
spectral line shows several peaks due to the Rabi oscillations even at very large length of
the probing RF-pulses of 500 us.

As can be seen in the figure a), we were able to observe up to 80 Rabi oscillations
with the decay mostly limited by the amplitude fluctuations of the static magnetic field
|§| The measured data are fitted by equation with time dependent detuning 6(¢),
where we assumed a Gaussian envelope of the magnetic field noise. Figure b) shows
the measurement of several Rabi flops for short lengths of the excitation pulses with
almost unity flopping efficiency. The Rabi frequency estimated from the fit by harmonic
function is 419.9 + 0.2 kHz.

We performed a Ramsey interference experiments as described in section to
demonstrate the phase coherence of our RF-qubit. First, we measured the Ramsey in-
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Figure 3.11: Measured Rabi oscillations on the RF-qubit transition for long a) and short
time scales b). The decay is governed mostly by the ambient magnetic field
fluctuations that change the energy splitting between the two qubit states.

terference contrast for zero time delay (7 = 0) between the two excitation pulses, see
figure ). The measured contrast of the oscillations of 99.6 + 0.1 % demonstrates
a high degree of control of our RF-qubit limited mostly by the efficiency of the optical
pumping to the 6S;,5(m0 — 1/2) state. Next, we estimated its coherence time by ob-
serving the decay of the Ramsey contrast as a function of the time delay 7 between the
two Ramsey pulses, see figure b). The presented data were taken with power-line
synchronization and the Gaussian fit of the decay gives a coherenga time of 280 + 40 us
limited mostly by the residual fluctuations of the magnetic field | B|.
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Ramsey experiments on the RF-qubit transition. a) Measurement of the
excitation probability as a function of the second Ramsey pulse phase for
zero time delay 7 with the contrast of 99.6 & 0.1 % proves a high fidelity
of single-qubit operations in our system. b) Measurement of the RF-qubit
coherence time by varying the time delay between the two Ramsey pulses.



4 Interferometric thermometry of a
single ion

4.1 Introduction

We propose and experimentally test a thermometry method based on the self-interference
of fluorescence photons in the half-cavity setup consisting of a single mirror [39]. The
contrast of the measured interference fringe is proportional to the extension of the ion’s
motional wavepacket and thus it provides us with information about its temperature. We
evaluate the performance of this technique by measurement of the interference contrast
for different mean motional numbers estimated independently by spectroscopy methods
using the 1.76 pum laser.

A part of the results and of the text presented in this chapter can be found also in the
reference [66].

4.1.1 Motivation

The interaction of a single photon with a single isolated atom at rest in free space is
an important model in quantum physics. Systems that enable its precise experimental
investigation have become available with optically cooled atoms in harmonic potentials
which can be localized to a few nanometers in position for extended periods of time
[55,82,83]. Over the past decade, remarkable progress has been made in the control of the
coupling of single atoms to light with important steps made in the direction of quantum
networking [84-86]. In particular, single ions in Paul traps are considered today as very
promising systems for such applications [87] because of the possibility of excellent control
of their internal and external (motional) states [55]. Good atom localization is essential
for long distance entanglement of atomic qubits relying on single photon interference [37].
On the pure quantum optics side, as one of the most fundamental processes, the quantum
properties of resonance fluorescence from single trapped atoms were investigated with a
high level of detail [65,88,89].
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Precise estimation and control of atomic motion are crucial for most of these exper-
imental investigations [90-93|, and vice versa, studying the coherence properties of the
light emitted by an atom can provide us with the information about its motion. Fur-
thermore, thermometry proved to be important for measurement and understanding of
the strong heating processes in the field of development of novel ion traps for quantum
information processing [94,95|.

4.1.2 Thermometry methods

An atom of mass m trapped and Doppler cooled in a harmonic potential V (z) = mw?2%/2
with motional frequency w along the z-axis behaves as a quantum harmonic oscillator.
Occupation probabilities p(n,n) of its motional states with phonon numbers n follow
the thermal distribution, see equation . The temperature T of the ion can then be
defined with respect to the mean phonon number 7 as [96]

n=1/(exp(hw/kpgT) — 1), (4.1)

where kp is Boltzmann constant.

There are several methods available for the measurement of temperature or the mean
motional energy of single trapped atoms. They can be divided according to the obtain-
able precision of the measured temperature and according to the binding limit in which
they are applicable. Here is the brief summary of some of the most used thermometry
techniques.

e Comparison of strength of motional sidebands or measurement of Rabi oscillations
on them allows very precise temperature measurements in the strong-binding regime
where motional sidebands are resolved [55,97,98]. We will use these techniques in
our experiment to evaluate the performance of the new thermometry method and
check its agreement with theoretical predictions. A simplified theoretical back-
ground for the measurement of temperature in the sideband resolved regime can be
found in the next section.

e The ion’s temperature can be estimated from fluorescence line shapes. For a two-
level atom, they correspond to a convolution of Lorentzian and Gaussian functions,
coming from the finite lifetime of the excited state and the thermal distribution of
the motional state populations, respectively [99,100]. The contribution of thermal
broadening to the overall linewidth can be estimated from the measured fluorescence
spectra with the shape of a Voigt function. This method can be particularly useful
in the regime where sidebands are not resolved.

e An intuitive thermometry method which was recently tested and improved in several
experiments is based on high spatial resolution imaging of the fluorescence emitted
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by an ion [101,102]. By assuming a Gaussian occupation of motional energy levels,
the mean motional energy can be evaluated from the measured spatial profiles
of the ion’s position. However, this method can deliver resolution of single mean
motional quanta only in the regime of low trapping frequencies on the order of a few
hundred kHz and imposes strict requirements on the quality of the optical imaging
system. The resulting spread of the measured spatial distribution corresponds to the
convolution of the point-spread function of the imaging system and the extension
of the motional wavefunction.

Besides these most common thermometry methods, there are several other techniques
available. After proper calibration, the self-interference spectrum of the ion’s fluorescence
signal detected by a single-photon detector can provide information about motional side-
bands amplitude and thus the temperature of an ion [103]. The mean phonon number
can be also estimated using quantum limited measurement of the electromagnetically-
induced-transparency phase shift from an single trapped atom [104].

4.1.3 Thermometry in the sideband-resolved regime

A comprehensive overview of thermometry techniques based on the precision spectroscopy
in the sideband-resolved regime can be found for example in [55,56]. Here we will briefly
introduce the two basic methods which we later employ in the phase-interference ther-
mometry experiment.

Time evolution of the Rabi oscillations on the blue sideband transition

The mean phonon number in a particular motional mode in a sideband-resolved regime
can be estimated by observation of the time evolution of the internal atomic state popu-
lation when driving the motional sidebands. By assuming the thermal distribution of the
motional states of the ion in a given motional mode (eq. [3.9), the probability of driving
the ion into the excited state as a function of the length of the excitation pulse resonant
with the first blue motional sideband frequency can be found as |55, 56]

P.(t) = i p(n, @) sin Qi t. (4.2)

n=0

Here ,,,+1 is the Rabi frequency on the blue sideband transition in the Lamb-Dicke
regime for the phonon number n as defined in equation . A mean phonon number
n and thus the temperature of an ion can then be estimated from the fit of the measured
time evolution using the equation (4.2)).
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Comparison of the coupling strengths

The temperature of the ion after Doppler cooling can be estimated by comparison of the
coupling strength of the laser field to the red and blue motional sidebands. This method
is precise especially for very cold ions, where the asymmetry between the excitation
strengths becomes large. The strength of coupling on the first red sideband is proportional
to n°n, while the strength on the first blue sideband is proportional to n*(m + 1), see
equation . The coupling to the red sideband for 7 — 0 vanishes, because no more
quanta of motional energy can be extracted from the ion. The relation between the ratio
of excitation probabilities on the red and blue sidebands R = Prd/PP mean photon
number in given motional mode 7 and the probability of finding the ion in the lowest
(n = 0) motional state Py can be found to be, respectively [55],

ﬁ—% and Py —1-R (4.3)
The ratio R can be estimated either directly by the weak incoherent driving of the two
sidebands for a given time and measurement of the corresponding excitation probabilities,
or by measurement and comparison of the areas below the sidebands. This method can
be easily extended to measurements of the ion’s temperatures corresponding to higher
phonon numbers by probing the excitations on the higher order motional sidebands. The
order of the sideband should be chosen to be the integer number nearest to the mean

phonon number 7 to maximize the precision of the temperature estimation [105].

4.2 Sideband cooling of a single Barium ion

Sideband cooling is a crucial tool for characterization of our thermometry method in the
regime of sub-Doppler temperatures. Here we implement a sideband cooling technique
using the 1.76 pm laser on the 6S;/; <+ 5Ds5/2 quadrupolar transition. It allows us to cool
the ion close to its motional ground state and thus enables studies of interference effects
with the ion’s fluorescence with much higher precision.

4.2.1 Theoretical background

The cooling process in the resolved-sideband regime has been described in detail in several
theoretical and experimental works [41, 55, 106-108|. Here we restrict ourselves to a
description of the basic working principle, pulse sequence and optimization procedure
used in our linear-trap experimental setup to sideband cool individual motional modes of
a single Barium ion.

The principle of laser cooling of a two-level atom in the resolved sideband regime is
described in figure a). Here wy is the resonance frequency of the cooling transition and
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Figure 4.1: a) Depiction of the basic principle of sideband cooling. Each excitation on
the red sideband and emission of the photon on the carrier transition removes
a single quanta of motional energy. b) To decrease a time needed for a single
cooling cycle, the excited metastable state can be quenched by an additional
laser field to a third atomic level which decays back to the electronic ground
state with a high rate.

w, is the secular frequency of the atomic motion in a harmonic potential V' = mw?r?/2
along the normal spatial mode of the motion r. As described in equation , the
absorption and emission spectra have resolved components at the frequencies wy + nw;,,
where n is an integer. The cooling process consists of exciting the atom by a narrowband
laser tuned to the first lower sideband (n = —1) that corresponds to an absorption of
the photon of frequency wy — w, and emission of a photon of average frequency wy on
the carrier transition (n = 0). In this process, each scattered photon reduces the atom’s
vibrational energy on average by one motional quantum.

For a two-level atom moving as a harmonic oscillator, the necessary condition for side-
band cooling is that the linewidth I' of the employed transition is much smaller than the
motional frequency w,. For typical dipole allowed transitions this condition is not satis-
fied, because the spontaneous decay rate is typically much higher (several tens of MHz)
than the trap frequency (usually a few MHz). This can be solved either by increasing
the trap frequency, or by employing an atomic transition with small spontaneous decay
rate. The usual approach is to use a very narrow, typically quadrupolar transition with
a linewidth of a few Hertz. Since the typical heating rates of the trapped ions are of the
same order of magnitude or much higher as the corresponding lifetimes [95,98, 108, 109],
the cooling scheme depicted in figure a) using these transitions would not be practi-
cally possible. The metastable state must therefore be quenched by an additional laser
field to the third atomic level which decays to the ground state with a high rate, see
figure b). This effectively creates a two level system with a fast decay channel in
the regime where motional sidebands are resolved by the cooling laser. For high Rabi
frequencies of the cooling laser it is necessary to compensate for the dynamical ac Stark
shifts coming from off-resonant interaction of the laser with the carrier transition.
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In the absence of other strong sources of heating, like fluctuating patch-potential noise
or thermal electronic noise [105], there are two dominant processes which decrease the
efficiency of the sideband cooling [55]:

e off-resonant excitation of the carrier transition and de-excitation on the first blue
motional sideband,

e off-resonant excitation of the blue sideband and emission of the photon on the
carrier transition.

The heating rates due to both processes are typically of the same order. However, for
cooling the axial motion of the Barium ion in our linear trap, the heating due to off-
resonant excitation of the carrier is 210 times more probable than heating due to off-
resonant excitation of the blue sideband transition. This is mainly due to the large
difference between Lamb-Dicke parameters on the excitation (6S; /2 <> 9Ds5/2, m = 0.0086)
and de-excitation (6P <> 6S1/2, average n ~ 0.063) transitions caused by a difference of
the transition wavelengths and by alignment of the 1.76 ym excitation beam with respect
to axis of the axial motion, see chapter [2.3.3]

4.2.2 Experimental realization

Optimal Doppler cooling by a red-detuned excitation of the dipole transition gives a mean
phonon number corresponding to a Doppler limit temperature Ty, ~ A'/(2kp) [56]. For
the axial motion of a single Barium ion in our linear trap and Doppler-cooling with the
493 nm laser on the 65,/ «<» 6P/, transition this gives m ~ 10, see equation . In
order to cool an ion closer to the motional ground state, we use a sequence of 1.76 pum
laser excitations on the quadrupolar 6S;/ <+ 5Ds /o transition resonant with the first red
sideband, which should in principle provide a reduction of the mean phonon number down
to the ground state of ion’s motion. To enhance the speed of these excitation and decay
cycles we apply the 614 nm quenching laser together with the 1.76 pum laser. The cooling
speed is then directly proportional to the Lamb-Dicke factor for the 1.76 pum laser beam
for the axial motional mode [108], see table . This gives an estimated ground state
cooling time of about 14 ms for a starting mean phonon number of 7 = 10 and carrier
Rabi frequency of about 500 kHz.

When performed on the Sy/o (m=—1/2)-Ds/2,(m=—5/2)-P3/2,(m=—3/2) levels, the sideband
cooling process is a quasi-closed cycle. Short pulses of 493 nm o* light must be applied
every 200 ps on the ion to depopulate the S; o (m—y41/2) level that might eventually get
populated due to a decay from the 6P3/, down to the 5D3/5 level or to the other 5Dj5
Zeeman sub-levels, see figure [4.2]

A 1.76 pm laser pulse is finally applied to estimate the mean photon number after
sideband cooling by one of the described thermometry methods. Figure [4.3| shows scans
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Figure 4.2: a) Electronic transitions involved in the sideband cooling of a Barium ion. The
quasi-closed cooling cycle on the 6S;/2 (m=—1/2)-5D5/2,(m=—5/2)-6P3/2,(m=—3/2)
cooling transition is disturbed by unwanted decay channels (dashed) from the
P3/2 (m=—3/2) state. b) Experimental sequence for sideband cooling.

of the mean excitation across the red and blue axial motional modes. Figure a) (and
b)) shows the red (and blue) axial sideband (i) before and (ii) after sideband cooling
for 10 ms. The clear reduction of the area under the red sideband shows that the mean
photon number has been greatly reduced. As described in section [£.1.3] from the mea-
surements of the ratio R between the red and blue sideband areas we estimate a mean
photon number after sideband cooling of 7 = 0.03 which gives Py = 97 %. The sideband
cooling speed and efficiency are mainly limited by the small Lamb-Dicke factor n on the
651/2 <> 5D5/2 quadrupolar transition. Increasing the 1.76 pm laser Rabi frequency helps
only up to the point where excitations on the red sideband contributing to sideband cool-
ing start to compete with strong heating processes coming from the off-resonant carrier
excitations. We performed the evaluation of the efficiency of our sideband cooling also by
thermometry based on the measurement of the time evolution of excitation probability
on the blue motional sideband. Figure a) shows the measured Rabi oscillation on the
blue sideband of the axial motional mode after Doppler cooling. The estimated mean

photon number from the fit using the equation ([4.2)) is 7 = 8.2. Figure [4.4}b) shows a
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Figure 4.3: Comparison of the coupling strengths to red and blue axial sidebands. The
measured mean excitation of the a) red and b) blue sideband are plotted
(i) before and (ii) after sideband cooling. The error bars correspond to one
standard deviation.

typical Rabi oscillation on the blue sideband after sideband cooling for 7 ms, resulting
in a mean phonon number of n = 0.2. We performed sideband cooling close to the mo-
tional ground-state also for both radial motional modes where a mean phonon number of
n = 1.1+ 0.2 is readily obtained for the sum of the two radial modes.
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Figure 4.4: Examples of the estimation of the mean phonon number by measurement
of the time evolution of the excitation probability P. on the blue sideband
transition for the axial motional mode. Figures a) and b) show the measured
Rabi oscillations after Doppler and sideband cooling close to the motional
ground state, respectively.

4.3 Interferometric thermometry

4.3.1 Description of the experiment

We make use of the interferometric setup [39] to estimate the mean phonon number of a
single ion in its radial modes of motion. Using the quadrupolar transition for sideband
cooling of the ion and for independent estimation of the mean phonon number allows us
to study the self-interference contrast of the ion fluorescence for very low temperatures.

Any motion of the ion modulates the phase of the emitted light which results in a
modulation of the light intensity detected on the PMT in the interference setup depicted
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in figure Considering the trapped ion as a quantum harmonic oscillator [110], the
detected intensity will then be given by

N, My

cos[2k L + 2k(z cos O + g cos ' + A, cos(Qrpt))]|na, ny)),

where [j is the mean fluorescence rate in counts/sec, V; is the visibility of the interfer-
ence fringes due to imperfect optics and acoustic noise on the mirror path and k is the
wavevector of the 493 nm light. The operators z, y correspond to the position operators
of the ion along the respective trap axes, both of which make an angle § = 6’ = 7/4 with
respect to the mirror-detector direction, see figure b). Note that we neglected the
contribution of the axial motion to the reduction of the interference contrast because it
is perpendicular to the detector-mirror axis. Probabilities P, correspond to the thermal
distribution defined in equation . A,, and Qgp are the amplitude and frequency of
the residual micromotion along the detector-mirror axis, respectively. The change of the
macromotion amplitude due to the inherent micromotion is on the order of qo, where ¢ is
the stability parameter of the trap and o is the standard deviation of the ion’s position.
It is defined as

o? = (2n+ 1)(0]x3,]0). (4.5)

For our linear trap g = 0.15, so this effect is always negligibly small compared to o
and thus we will neglect it here. The micromotion that we consider is due to unwanted
dielectric patches that displace the ion from the RF null. Although it was compensated
for to a large extent by minimizing the correlation signal between scattered light and
the radio-frequency drive [111| and by further optimizing the fringe contrast, it can still
increase the motional amplitude by a few nanometers.

As shown in figure a single mode fiber was used to collect both the direct and
retro-reflected fields. Optical abberations due to the overall imaging system are thus
reduced to a large extent. If distortions of the wavefront on the mirror path are too large
however, the fringe contrast will be reduced due to a power mismatch. To ensure that
the retro-reflected field has the same intensity as the direct field, we lower the direct field
coupling efficiency to the fiber by a slight misalignment of the fiber coupler in order to
exactly match these aberration-induced losses. We estimated these losses to be ~ 40%.
Realigning the mirror channel through the new spatial mode defined by the fiber thus
ensures that the fringe contrast does not depend on abberations at the cost of a lower
total count-rate. The possible contributions to the visibility are then micromotion, radial
motion of the ion and acoustic noise on the mirror path. The latter is thus the only
contribution that we insert into the prefactor Vj.
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Figure 4.5: Schematic setup of our interferometric thermometry experiment. Fluores-
cence emitted by the ion interferes due to the indistinguishability of direct
and mirror paths to the single photon detector. The interference contrast
depends strongly on the ion’s radial motion, which effectively changes the
relative phase of the interfering wave packets on the time-scale of the mo-
tional frequency. The temperature of the ion is estimated also by means of
spectroscopic techniques on the quadrupolar 6S,/, <+ 5Ds/o transition using
the 1.76 pum laser to evaluate the performance of our thermometry method.

Writing |n,,n,) in the spatial eigen-basis of the harmonic oscillators and averaging
the coherent micromotion amplitude over the detection period, we found that the total
visibility is

V = Vodo(2k A, )e 20, (4.6)

where ¢ is in our case 4.6 nm for the radial motional amplitude in the ground state. Jy
is the zero-order Bessel function. We assumed here that the radial modes are degenerate
(m = n,; = ny). The finite extension of the ground state wavepacket reduces the fringe
contrast by 1.4%.

4.3.2 Results

We now experimentally determine the dependence of the fluorescence self-interference
visibility on the ion’s motion. A plot of the fringe contrast as a function of the mean
phonon number is shown in figure [£.6] For the three experimental points close to the
ground state (shaded area), the mean phonon number was varied by changing the side-
band cooling time. We apply a sequence of pulses for sideband cooling and then probe the
fringe contrast using a weak 100 ps-long 493 nm laser pulse. The added mean phonon
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Figure 4.6: Dependence of the visibility on the mean phonon number in the radial modes.
The error bars correspond to one standard deviation. The solid line is a
theoretical fit using equation . The inset shows the fluorescence intensity
as a function of the mirror position for a mean phonon number of 7 = 16.
The shaded area highlights the points where the ion was cooled below the
Doppler limit.

number close to the motional ground state was measured to be about 0.5 due to this
probe laser pulse. The mean phonon number was evaluated by comparing areas of the
first red and blue motional sidebands of the quadrupolar transition spectrum, as de-
scribed in section [4.1.3. This measurement method is however not accurate for large
mean phonon numbers, where the ratio of the areas does not differ significantly anymore.
The three other experimental points were measured only after Doppler cooling. Higher
mean phonon numbers were reached by increasing the power of 493 nm laser, what corre-
sponds to less efficient Doppler cooling conditions. To estimate the mean phonon number
there, we chose to fit Rabi oscillations on the blue radial sideband.

Figure shows that a clear increase of the fringe contrast is observed as the ion
gets closer to the motional ground state and a maximum of 90% was observed for a
mean phonon number of 1.1 on both radial modes. The fringe contrast is seen to depend
dramatically on the ion’s secular motion, so that single phonon resolution is readily
achieved using this technique. The solid line shows a fit using equation (4.6 where V' =
VoJo(2kA,,) is the only fitting parameter. Using V' = 0.9, the theory well reproduces well
the measured data. The difference between the 99% contrast expected for a ground-state

50



4.3 Interferometric thermometry

cooled atom and the maximal observed value of 90% can thus be explained by residual
micromotion and acoustic noise on the mirror.

4.3.3 Conclusion

The strong dependence of the interference contrast on the ion’s motional amplitude and
achieved resolution of about 1 phonon suggest possible applications of our thermometry
method for ion trapping experiments. In the ideal case, the fundamental limit to the
measurement of ultra-low atomic temperature is imposed solely by the fluorescence shot
noise and by a small uncertainty due to the heating induced by the weak laser pulse nec-
essary to probe the self-interference contrast. Compared to the measurement of the mean
phonon number using spectroscopy methods in sideband-resolved regime, our technique
might be often much easier to realize as it does not rely on complicated laser sequences,
sideband-resolved regime and ultra-narrow laser sources. The presented interferometric
thermometry method can be used for precise probing of the temperature of both Doppler
and sub-Doppler cooled atoms.
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5 Controlling the extinction from a
single atom

5.1 Introduction

The efficient transfer of quantum information between atoms and photons requires con-
trolled photon absorption with a very high probability. The requisite strong coupling
can be achieved, for example, using high-finesse cavities [24-26] or large atomic ensem-
bles [27-29], which are the most studied routes towards such goals.

The coupling of radiation to a single atom in free space is generally considered to be
weak, however, technological advances, as nowadays available with large aperture lenses
and mirrors [30, 31], recently led to reconsider this point of view. Novel experiments
demonstrated extinctions of about 10% from single Rubidium atoms [32], single molecules
[33-35] and quantum dots [36]. A light phase shift of one degree has been measured by
tuning an off-resonant laser to a single Rubidium atom [112] and non-linear switching was
demonstrated with a single molecule [113]. More recently, a phase shift of more than one
radian has been measured from a single Ytterbium ion positioned in the focus of a high
numerical aperture Fresnel lens [114]. These experiments demonstrate first steps towards
quantum optical logic gates, quantum memories with single atoms and deterministic
entanglement generation between single atoms in free space. However, there are still
many open questions related to the coherence and efficiency of coupling to single atoms
in a free-space and limitations imposed by the realistic high-NA optics and atomic motion
which need to be overcome.

The aim of our extinction experiments is to examine the interaction of a weak coherent
beam and a single ion mediated by a single high numerical aperture lens. The strong
confinement offered by Paul traps, the readily available sideband-cooling techniques and
the ability to perform efficient and deterministic quantum gates [115] make trapped-ion
systems a good candidates for achieving high extinction/absorption efficiencies and thus
enable practical scalability of quantum communication networks [90, 116].
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Electromagnetically induced transparency

Electromagnetically induced transparency (EIT) has been a phenomenon specific to
optically thick media consisting of ensembles of many atoms [117]|, where both the optical
fields and the atomic states are modified. However, quantum information processing
requires single well-defined qubits, e.g. single atoms, that can be individually manipulated
to perform deterministic quantum gates. In single atom experiments, the related effect of
coherent population trapping has been observed on the fluorescence field, which reveals
modifications of the atomic population, but leaves the transmitted optical fields without
significant change. The feasibility of EIT from a single atom in free space thus still
remains to be shown for the first time as a part of this thesis.

The EIT is already widely used to control the absorption of weak light pulses or single
photons in atomic ensembles [28,29,118,119| and in high-finesse cavities [120]. A single-
atom system based on this technique could easily be used as an efficient single atom

switch, or as a programmable phase shifter of a weak coherent beam or a single photon
field.

Single-atom as a mirror

Besides the two processes of absorption and emission of photons, coupling of radiation
to atoms raises a number of questions that are worth investigating for a deeper theoretical
and thus interpretational insight. The modification of the vacuum by boundaries is
amongst the most fundamental problems in quantum mechanics and is widely investigated
experimentally. In quantum optics, most studies make use of optical cavities that modify
the vacuum-mode density of the field around atoms to change their emission properties
[24-26, 90, 121]. Another more recent research area investigates the direct coupling of
tightly focussed light to atoms in free space, using high numerical aperture elements

[30,31,33,36,113,114, 122].

By combining our half-cavity setup [39,92| with the free space coupling of a weak
coherent beam to a single ion we realize a first step towards merging these two fields,
the field of cavity QED and free-space coupling. In a combined atom-mirror system, the
atomic coupling to the probe is modified by a single mirror in a regime where the probe
intensity is already significantly altered by the atom without the mirror. Absorption
spectroscopy enables us to measure the first-order coherence between the driving laser
and the back-scattered light and thus to estimate the amplitude of the coherently back-
scattered field.

A part of the results and of the text presented in this chapter can be found also in the
references [123| and [93].
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5.2 Extinction from a single atom

This section presents a simple theoretical description and experimental realization of
interaction between a single Barium ion and a weak resonant laser beam in a regime,
where a substantial part of this beam is affected by the atom.

5.2.1 Theoretical model

Eout: Ein+ E

scat

High-NA
lens

E

scat

Figure 5.1: Extinction from a single atom in free space. The transmitted part of the weak
probe field destructively interferes with the forward scattered part, which
gives rise to an extinction of the beam intensity in the forward direction. The
relative phase difference of m between the transmitted light field and the field
scattered from the atom in the forward direction corresponds to the sum of
two contributions, the Gouy phase shift of 7/2 and the phase shift of 7/2 due
to the scattering of the light field on resonance [33].

In the following we present a simple theoretical description of extinction/reflection of
a weak probe from a single atom. It uses a perturbative input-output formalism to relate
the incoming field, a;,, and the outgoing field, oy, through their interaction with the
atom [124]. In the Markov limit this gives

Aout () = ain(t) + i1/ 27%n0 (1), (5.1)

where 6(t) is the atomic coherence and ~;, is the effective coupling of the input to the
atom. 7y, can also be expressed by the total decay rate of the excited state v and the
fraction e of the full solid angle covered by the incoming field as v, = €y. Solving the
two-level atom Bloch equations in the weak excitation limit, and in steady state, gives

0 =i/ 2% Gin /(7 + iA), (5.2)
where A is the frequency detuning of the probe from the excited state. The transmission
of the intensity of a probe field finally reads

T =1-2eL(A)]? (5.3)
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where L(A) = ~/(v + iA) for a two level atom, see reference [124] for details of the
calculation. This theory predicts full reflection of the probe field for a weak resonant
input field covering half of the full solid angle.

One important point here is the interference between the incident beam and the ra-
diated dipole field, which yields a considerable decrease in the forward mode ampli-
tude [33,125], see figure 5.1} Using our numerical aperture NA=0.4 (i.e e = 4%), we
expect a probe beam extinction of 16% using equation . More refined models were
proposed in [32,33,126] using a decomposition into cylindrical modes and including the
dipole emission pattern. This set of modes is adapted to the coupling of the input beam
with a high numerical aperture lens beyond the paraxial approximation. From the model
of [32], we expect our extinction to be around 13%. We note that for efficient information
transfer between a single photon and a single atom, i.e. efficient change of the atomic
states population by a single photon, the full dipole radiation pattern and the reversed
temporal mode of the atomic emission have to be matched by the single photon input
mode [31].

5.2.2 Extinction experiment and results

Our experimental set-up is depicted in figure a). A single Barium ion trapped in
a ring Paul trap is our single-atom reflector. The ion is continuously cooled on the
6512 < 6Py transition by the 493 nm laser that is red detuned by 50 MHz with
respect to the resonance. The cooling beam intensity is set far below saturation to
minimize depopulation of the 6S; /; state, yet allowing cooling to the Lamb-Dicke regime.
The saturation parameter S = Q?/(y? + A?) for the 493 nm cooling beam obtained
by fitting the four dark resonances in the fluorescence spectrum is about 0.1. Here, €2,
~v and A are the Rabi frequency, spontaneous decay rate and the laser detuning of the
considered transition, respectively. Atomic population from the 5D3/5 manifold is recycled
by the 650 nm beam (repumper), red detuned by 35 MHz and operated with a saturation
parameter of about 0.8. For this configuration of the laser intensities and frequencies,
solutions for the atomic populations in steady state using 8-level optical Bloch equations
show that 70 % of the atomic population is in the S; /2,(m=+1/2) Zeeman sublevel.

The weak probe beam is frequency-shifted with respect to the cooling beam by an
acousto-optic modulator and spatially filtered using a single-mode fiber (SMF) to guar-
antee a Gaussian spatial profile. Its polarization is adjusted by a quarter-wave plate
for efficient elastic scattering on the 6S; /2 (m=t1/2) ¢ 6P1/2 (m=—1/2) transition. A cru-
cial part in the extinction experiment is achieving a high spatial overlap between the
incoming probe beam and the dipole emission pattern. The mode-matching is done us-
ing an expanding telescope (Beam Expander 2x-10x, Jenoptik Optical Systems GmbH)
and a custom-designed objective with a numerical aperture of 0.4, see description of the
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Figure 5.2: a) Schematic of the experimental setup. PBS: polarizing beam splitter,
A/4: quarter-wave plate, IF: interference filter to select the green fluorescence,
IM: intensity modulation, PMT: photomultiplier and SMF": single mode fiber.
The ion is cooled by the cooling beam, while the repumper recycles popu-
lation from the 5D3/, state manifold to the 6S;/; to 6P/, transition. The
probe beam is spatially adjusted to match part of the atomic dipole emission
profile and is detected on the photomultiplier PMT,. b) Extinction detection
scheme. Probe beam and fluorescence modulation signals from PMTs can be
unambiguously distinguished due to their mutual 7m phase shift. The mod-
ulated signal from PMT; is mixed down to DC and further analyzed. The
figure is taken from the reference [123].

ring-trap setup for more details about the objective positioning. 1.5 % of the trans-
mitted probe together with a fraction of the ion’s green fluorescence is then collected by a
macroscope objective and detected on photomultiplier PMT5. The green fluorescence is
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Figure 5.3: Normalized power of a probe field transmitted through a single trapped Bar-
ium ion as a function of the probe beam detuning. The transmission spectrum
is fitted by a Lorentzian profile with a width of 11 MHz. The peak probe beam
extinction is 1.35%.

also detected in the backward direction by the PMT;. A typical fluorescence count rate
measured on PMT} is 600 photons per second, with the fluorescence from the probe beam
contributing to less than 100 photons per second. After considering detection losses, these
count rates are still lower than the count rates typically observed for the 65/, to 6P,
transition in saturation by factor of more than ten.

We modulate the repumper at 600 Hz using a mechanical chopper (IM) to allow for
precise estimation of our extinction efficiency. When the repumper beam is on, fast
optical pumping to the S state takes place, which allows both scattering of the probe and
cooling. When the repumper is off, however, the green cooling beam depopulates the S
state, so that the probe does not interact with the ion. The probe signal intensity is then
modulated at 600 Hz by the ion with a phase shifted by 7 with respect to the chopping
signal. The signal from PMTj; is subsequently demodulated and low pass filtered. As
a first step, we find the local oscillator phase which yields the maximum positive signal
amplitude for the fluorescence only, i.e. operating with large cooling field powers and
with the probe off. Next we turn down the cooling beam power to below saturation
in order to observe a negligible fluorescence signal whilst still cooling the ion efficiently.
With the probe field on, reflection off the ion gives a negative signal in transmission (see
figure (b)), thus unambiguously discriminating the fluorescence contribution from the
probe extinction.

Figure shows a typical scan of the probe beam extinction as a function of probe
frequency. We observed a Lorentzian dependence of the transmission profile with a width
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5.3 Electromagnetically induced transparency from a single atom

of 11 MHz. A maximum extinction of 1.35% was found on resonance. The difference
with the extinction predicted in [125] can be partly explained by imperfect overlap of
the incoming probe polarization mode with the polarization of the scattered light and
by residual saturation of the S to P transition by the cooling beam. Residual spherical
aberrations and atomic motion reduce the spatial matching of the probe with the dipole
field and thus effectively decrease the solid angle covered by the high-NA lens. Larger
extinctions are likely to be reached through better pumping preparation and by time
separation of the cooling and extinction measurement processes.

5.3 Electromagnetically induced transparency from a

single atom

In the extinction experiment we observed a reduced intensity of a weak probe beam after
interaction with a single ion. This enables us to demonstrate quantum-optics phenomena,
which were so far available only in optically thick media, using single atoms trapped in
free space. In this section, we present an experimental observation of electromagnetically

induced transparency with a single ion.

5.3.1 Theoretical model

Figure 5.4: Theoretical model of the electromagnetically induced transparency based on
the dressed states approach.

Electromagnetically induced transparency (EIT) is an optical phenomenon where in
optically dense media, typically large cloud of atoms, the transparency of a weak elec-
tromagnetic field (probe field) is influenced by the presence of a strong field (control
field) [117]. In the dressed-states picture, the control field creates a pair of dressed states
as depicted in figure [127,128]. Their decay channels interfere and create a hole in
the absorption profile for the probe field tuned to the center of the splitting. The linear
susceptibilities of decay channels from the two dressed states are equally spaced with
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Figure 5.5: Illustration of the transmission profiles for various control and probe lasers
driving parameters. Detunings and Rabi-frequencies are given in units of
spontaneous decay rate y. The ground-state dephasing rate here is assumed
to be zero for simplicity. At the two-photon detuning 6 = 0 a transparency
window opens in the extinction spectra for the weak probe beam and any
nonzero Rabi-frequency of the control beam (2.

respect to probe field frequency, but due to opposite signs of the detuning the excitation
probability amplitudes interfere destructively.

Under weak probe excitation, the probe transmission as a function of the two-photon
detuning 6 = A, — A, can be found by solving the Bloch equations [127] and using
the input-output relations . A, and A, are probe and control lasers detunings,
respectively. We can then replace the function £ in equation by

V(70 — i9)

PO = G T+ ia) o4
where (2. is the Rabi frequency of the control laser field, vy the ground state dephasing
rate, v the natural linewidth of the two transitions (assumed to be the same for sim-
plicity). The relation can be can found also by solving the master equation for a
three-level atom and evaluating the expression for the linear susceptibility on the probe
transition [117]. An important condition for EIT to take place is 7y < Q2, i.e. the
pumping rate to the dark state must be much faster than any ground state decoherence
process o. Independent frequency fluctuations of the two laser fields, magnetic field
fluctuations, and atomic motion induced Doppler shifts which contribute to vy, must be
therefore reduced. Extinction of the resonant probe can then be completely inhibited,
within a small range of control laser detuning Q?/v, creating an EIT window in the
extinction spectrum, see figure [5.5
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5.3.2 Experimental results
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Figure 5.6: Schematic of the experimental setup for observation of electromagnetically
induced transparency. The probe field itself serves as a cooling beam and a
co-propagating repumper is used. A weak magnetic field B lifts the energetic
degeneracy of the Zeeman substates and creates an eight-level system. The
levels marked as bold lines were employed in the EIT experiment. The figure
is taken from the reference [123].

In the EIT experiment [123|, we co-propagated the control and probe fields to eliminate
the effects of Doppler shifts due to the ion motion, see figure We found that the
motion induced decoherence yields broadening of tens of kHz, which reduced the EIT
when the control and the probe were orthogonal to each other. We did not use the
cooling fields which would reduce the EIT process, so the ion was now cooled by the
probe itself. Consequently, a red-detuned and more intense probe was used, which reduced
the extinction efficiencies to about 0.6%. Due to the multi-level structure of Barium, a
single three-level system can only be perfectly isolated from the others through optical
pre-pumping. Stark-shifts induced by the other levels and double-A type couplings here
contribute to a slight reduction of the EIT contrast.

Figure a) shows the probe beam extinction strength as the control field is scanned
across the two-photon resonance. We observe a large inhibition of the probe beam ex-
tinction at zero two-photon detuning, with a peak value of 75 %. The measured linewidth
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Figure 5.7: Measured extinction with EIT window and fluorescence spectra. a) Nor-
malized transmitted power of a probe field scattered by a single ion as a
function of the two-photon detuning. The control beam frequency is tuned
across a two-photon resonance, which enhances forward scattering via EIT.
The Lorentzian fit of the EIT transmission dip gives a linewidth of 1.2 MHz
and suppression of the probe beam extinction of 75%. b) Dark resonance
in the fluorescence spectrum simultaneously measured in the backward di-
rection. The inset shows a typical fluorescence spectrum with all four dark
resonances. The EIT experiment was performed for the two-photon detunings
corresponding to the shaded part of the spectrum.
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5.4 Single atom as a mirror of an optical cavity

of the EIT window is 1.2 MHz, much below the natural linewidth of the S to P transi-
tion. Figure b) shows the resulting scattered light intensity in the backward direction,
showing a corresponding decrease of the fluorescence light around the two-photon reso-
nance, as expected due to dark-state pumping. Although the ion motion was too large to
yield significant extinction on the blue side, the other three EIT profiles corresponding
to the measured dark-resonances in fluorescence spectrum could also be observed. The
contrast and width of these two-photon resonances are mostly given by power broadening
and frequency fluctuations of our two lasers. The control and probe laser linewidths are
80kHz and 20 kHz respectively, which allows a minimal EIT transmission window width
of 82kHz to be observed. Performing an efficient pre-pumping to one of the 6S;/, Zeeman
sublevels and switching the cooling fields off while the EIT is measured would allow us
to reach ultra-narrow transmission profiles. This is of significant interest as this means
that large phase shifts are imprinted on the probe field [128], which might become useful
for precision spectroscopy and state detection of single atoms.

5.4 Single atom as a mirror of an optical cavity

In the extinction and EIT experiments we were able to observe an attenuation of a weak
coherent field by a single atom at the order of one percent. We believe that the observed
extinction corresponds solely to the coherent reflection and the interference mechanism
described in section [5.2.1] rather than to the incoherent process of absorption of probe
light by the atom [129]. Based on this assumption, we designed an experiment where
a single Barium ion corresponds to the mirror of a Fabry-Pérot cavity. Results of the
transmissivity and reflectivity measurements using such a setup will not only validate
our assumption, but they will help us to understand and study atom-light interactions in
a novel regime, where the fields of cavity QED and free-space coupling merge together.
The experiment and its theoretical description presented here can be found also in the
reference [93].

5.4.1 Experimental setup

We consider the single atom to be an optical reflector, as depicted in the set-up of fig-
ure[5.8] The central frequency and transmission bandwidth of the single atom-mirror can
be estimated from single-atom extinction measurements, which were done in the same
parameter regime of laser intensities and detunings. As described in chapter we use
a very weak probe beam resonant with the Sy (;m—11/2)-P1/2,(m=—1/2) transition for ob-
servation of the extinction of a laser field by the ion in free space. The probe beam is
overlapped with part of the dipole emission pattern of the ion using a custom-designed
objective with a numerical aperture (NA) of 0.4. A 1.5% fraction of the ion’s 493 nm
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Figure 5.8: Single ion+mirror set-up. The probe field is coupled to the atom-mirror cavity
through the dielectric mirror that is mounted on piezo stages. The intensity
of the probe is measured in transmission by PMT1 and in reflection by PMT2.
PMT3 is used for measuring the ion fluorescence. The figure is taken from
the reference [93].

fluorescence together with the transmitted part of the probe beam is then collected by
a microscope objective and detected by the photomultipliers PMT3 and PMT1, respec-
tively. Again, we use here an intensity modulation of the 650 nm laser beam and a lock-in
detection to enhance the sensitivity of our measurements to the detected extinction signal.
In the case of coherent reflection of a laser field by a single atom, the back-scattered field
must be able to interfere with the driving laser. To verify this, we modify our extinction
experimental setup by inserting a dielectric mirror 30 cm away from the atom into the
probe path, with a reflectivity |r|*> =1 — [t|* = 99.7 %. We align this mirror so that the
ion is re-imaged onto itself and shine the resonant probe through it. Treating this system
as a Fabry-Pérot cavity and modelling the atom as a mirror with amplitude reflectivity
2¢ [124], one can naively assume that the transmissivity of the probe laser intensity reads

o[ =20 2

11— 2reeir

(5.5)

where ¢;, = 2k, R, R is the atom-mirror distance and kj the wavevector of the probe
laser. The finesse F = mv/2er /(1 — 2er) of such a cavity-like set-up can in fact be made
very large by using a high numerical aperture lens such that ¢ — 50% together with
a highly reflective dielectric mirror. In our experiment, the atom reflectivity is around
1% [123], so the transmitted intensity is well approximated by

T =~ [t][1 — 2¢ + 2ere™®: |2, (5.6)

By tuning the distance between the dielectric mirror and the ion, one would therefore
expect a dependence of the transmitted signal on the cavity length, provided that the
temporal coherence of the incoming field is preserved upon single-atom reflection.
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5.4 Single atom as a mirror of an optical cavity

5.4.2 Ton-mirror cavity measurements results
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Figure 5.9: a) Normalized transmission 7'/ |¢|? of the probe through the single atom-mirror
system as a function of the mirror position, with a 99.7 % reflective dielectric
mirror. The dashed lines shows the transmission of the probe when the mir-
ror is slightly misaligned. The dotted lines show the minimum and maximum
extinction values used for estimating the contrast V’. b) Interference of flu-
orescence photons measured on PMT3 with a 99.7 % reflective mirror. Solid
lines are the sinusoidal fits to the data. The dotted lines show the minimum
and maximum photocurrent values used for estimating the contrast V. c¢)
Intensity of the probe reflected off the cavity, normalized to the probe inten-
sity without ion, and using a 75% reflective dielectric mirror. d) shows the
transmission of the probe through the atom-mirror system as a function of
the 75 % reflective mirror position, normalized to the mirror transmissivity.
The dashed line in c¢) shows the reflection of the probe without the ion and
in d) the transmission with the mirror misaligned from the ion.

The operation of our ion-mirror system is shown in figure a). As the mirror posi-
tion is scanned, we indeed observed clear sinusoidal oscillations of the power detected in
PMT1 on a wavelength scale. These results reveal that the elastic back-scattered field is
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5 Controlling the extinction from a single atom

interfering with the transmitted probe, and that the ion is very well within the Lamb-
Dicke regime [66]|. Figure b) shows the fluorescence rate measured at PMT3 for the
same experimental conditions but with the probe field blocked. The intensity change of
the fluorescence rate is the result of the self-interference of single photons, which can be
expressed as I = Iy(1 + V cos(¢r)) [39,130]. With our ion-mirror distance (30 cm), the
interference contrast V' is mostly limited by residual aberrations of the imaging optics
and atomic motion [39,66]. As predicted by the formula for the transmission 7" (equa-
tion [5.0)), the two signals in figure a) and figure b) oscillate perfectly in phase.
The oscillations are however observed with a lower contrast than for the extinction co-
efficient (defined as £ = 1 — T/|t|?, and plotted on the right axis). As we will show,
this pronounced difference stems from an aberration-free dependence of the extinction
contrast. We then perform another experiment in which we replace the high reflectivity
mirror by a 25%/75% mirror. The results are shown in figure ¢) and d) where we
simultaneously recorded the reflected and transmitted powers measured on PMT2 and
PMT1, respectively. With this mirror reflectivity, we are able to measure the change of
the probe power being reflected off the cavity, which we found to be exactly out of phase
with the transmitted signal, as is predicted for a Fabry-Pérot cavity response. We note
that, here again, an unexpectedly large extinction contrast is observed.

5.4.3 The role of optical aberrations

The modulation of the fluorescence rate in figure b), is due to a self-interference of
single photons emitted by the atom [39,130]. The intensity change of the fluorescence
can be expressed as

I =1y(1+ Vcos(¢r)). (5.7)

With our ion-mirror distance (30 cm), the interference contrast

V= ([max - [min)/([max + Imin) (58>

is mostly limited by residual aberrations of the imaging optics and atomic motion [39]. As
predicted by the formulas for the transmission 7’ and fluorescence intensity [ ,
the two signals in figure a) and figure [5.9}b) oscillate in phase. We note however,
that the contrasts V' = (Epax — Emin)/(Emax + Emin) of the ion-mirror cavity extinction
in figure a) and defined on the right axis, and the ion’s fluorescence self-interference
contrast in figure b), clearly differ.

To understand this effect, we will consider the influence of aberrations by including
a random phase shift to each of the contributing amplitudes of the transmitted field.
We change the input field amplitude Ey, — Ei,e’® (™ so that the input probe gets an
r-dependent phase shift when it goes through the point 7; on the lens surface. We replace
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5.4 Single atom as a mirror of an optical cavity

€ by € (e > €) to account for a decrease of the field amplitude at the focus due to these
same phase shifts. Finally, we make the substitution 2ee’®r By, — 2€'e*?1e?¢ (") B, where
the reflected scattered field gets two times the 7-dependent phase shift. For simplicity,
we here consider the case of a high mirror reflectivity. We then obtain T'(7) & [¢]*(1 —
4¢€’ cos ¢(17) — 4€ cos(o() + ¢r)), which, averaged over the lens surface with a corrugation
pitch smaller than the optical wavelength A, gives the total transmission

T ~ |t|*(1 — 4€(1 — cos(¢r))). (5.9)

Here € = €' Jo(n), Jo(n) is the first order Bessel function of the first kind and 17 = 2wo,,/A
where o, is the root mean square amplitude of the aberrations. We then obtain the
normalized extinction plotted in figure [5.9ka) to be

E = 4€(1 — cos(¢r)). (5.10)

When making the same substitutions in the case of the single photon interference that
we observed in figure b), one gets the intensity

I =1y(1 4 Jo(n) cos(¢r)), (5.11)

The contrast of I and F will therefore differ, since the contrast of the single photon inter-
ference fringes depends directly on the aberrations. The two intensities that contribute
to the extinction E arise from an interference between the input and the scattered ampli-
tudes that carry the same global phase shifts, which is the reason for the larger contrast
observed in figure [5.9a) and figure [5.9rd) over figure [5.9tb). This observation can be
important for precise characterization and control of the tight focussing of optical fields
onto single trapped particles.

To find out how much of the single photon-interference contrast is limited by aber-
rations, we used an independent estimation method by coupling the fluorescence into a
single mode fiber. A contrast close to 90% was observed for a single ion trapped and
Doppler cooled in the ring trap, which shows that the self-interference contrast is here
in fact mostly limited by aberrations. Jy(n) is therefore about 30%-40% in our measure-
ments. We note that atomic motion would also give aberration-like effects, however a
separation of these two sources of error is not straightforward and will be the subject of
further studies.

5.4.4 Quantum electrodynamics calculations

We will now investigate whether the naive Fabry-Pérot interpretation that we used to
describe our results is valid. Omne could indeed wonder how the modification of the
quantum vacuum around the atom affects our results. It is clear that the dielectric mirror
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imposes new boundary conditions that will change the vacuum mode density close to the

atom, but it is less obvious how much it will contribute to the probe intensity changes

that we observe in this experiment. One can in fact show, that solving the multimode

Heisenberg equations in a time-dependent perturbation theory gives [93]

T
O s 7AN

2
T = |t]? : (5.12)

assuming the input probe to be resonant with the atomic transition. The full calculation
can be found in supplemental material of reference [93]. Here, g. denote the atomic
coupling strength in the probe mode, g is the mean coupling to all the modes, 7 and A
are the decay and level shifts modified by the presence of the mirror. Their expressions
can be evaluated using the appropriate spatial mode function for this system [131] and
we can then show that

geg* o 6(1 B TewL)
5 +iA 1 —2reeir

(5.13)

After combining this relation with equation (5.12)) we obtain the same transmissivity
as was obtained by modelling the atom as a mirror with reflectivity 2e (equation .
Interestingly, the QED calculations yield the same mathematical results as the direct
Fabry-Pérot calculation.

In this QED approach, it was not necessary to invoke multiple reflections off the atom
for the Fabry-Pérot-like transmission to appear. The transmission of the probe through
the single atom+mirror system is mathematically equivalent to a cavity, but the origin
of the peaked transmission profile can be interpreted as a line-narrowing effect due to the
QED-induced changes of the spontaneous emission rate and level shift. In our experiment,
we observed a change of the coupling between the atom and the probe mode, due to the
modification of the mode density induced by the mirror. Deviations from the sinusoidal
shape due to line narrowing would be visible for a lens covering a solid angle of more
than 10%. We note that, with this interpretation, the aberration-free dependence of the
extinction contrast is analogous to an almost complete cancellation and enhancement by
a factor of two of the atomic coupling constant in the probe mode.

5.5 Conclusion

In the presented extinction experiments, we observed both the direct extinction of a weak
probe field and electromagnetically induced transparency from a single Barium ion. The
maximum observed extinction of the probe beam intensity due to the scattering on the
ion was 1.3% and inhibition of extinction due to EIT was almost 75%. The amount of
extinction is limited mainly by the numerical aperture of the employed lens, and residual
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saturation of the probed transition by the cooling beams. Using a numerical aperture of,
say 0.7, and a better pumping scenario, would already give extinction values of up to 50%,
which are within experimental reach. Better EIT contrasts and narrower features can be
reached through efficient preparation of an isolated A scheme, with pre-pumping steps.
Our results have a number of direct applications. For example, one can take advantage of
the sensitivity of EIT with regards to Doppler shifts to read out the atomic motional state
in a quantum non-demolition manner, thereby also opening the way towards quantum
feedback [104]|. Furthermore, the presented results have direct implications for long dis-
tance quantum information [20]| and quantum computation. Quantum memories, where
quantum states between atoms and light fields are reversibly exchanged, indeed form an
essential part of quantum repeater architectures [21,117] and EIT is a prominent method
to achieve such a transfer [117].

We successfully observed the operation of a single atom as an optical mirror of a Fabry-
Pérot-like cavity. Our investigations are performed in a novel regime where a significant
fraction of the power of a probe field can be affected by the atom in free space. This
allows us to realize an experiment in which both the properties of an atom as a reflector
and the modification of the atomic coupling constant can play a role. Although a simple
cavity interpretation lends itself naturally to a description of our experiment, a more
general QED formulation should be preferred for an unambiguous discrimination of the
involved mechanisms. Interestingly, for our experimental parameters (weak excitation,
small atom-mirror distances), we found that both interpretations are equivalent. Our
set-up demonstrates almost full suppression and enhancement by a factor of two of the
atomic coupling constant in the probe mode. Besides the appealing quantum memory
application that we presented above, our set-up has a number of other realistic prospects.
It can be, for instance, a useful tool for operating the ion as an optical switch, similar
to the single atom transistors using EIT implemented in [122,123,132,133] or using a
population inversion [113].

We foresee a direct application of our atom-mirror cavity system. In discrete variable
quantum communications, and specifically for quantum repeater architectures, single pho-
tons must be stored and released from stationary qubits [22,134] to prevent the unavoid-
able losses in optical fibers [20]. The required efficient coupling between a single photon
and a single atom can be obtained through the use of a high-finesse cavity [22,135],
or parabolic mirrors to mode-match the incoming field with the whole atomic dipole
field [136]. Our single atom-mirror set-up is an attractive alternative solution for full ab-
sorption of a single photon. In such a scenario, the retro-reflection of the back-scattered
field by the mirror mediates the required interference effect so that the excitation proba-
bility of the atom can reach more than 50% [137,138]. However, unlike standard lossless
mirrors, the ion will fully reflect the light back into the probe mode only for ¢ = 50 %.
So in the realistic NA case, the scattered field is emitted into almost 47 steradian. With
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standard mirrors, impedance matching can be reached by matching the mirror reflectiv-
ities. Since impedance matching is here not immediately fulfilled, in order to attain a
steady state transmission of the optical field through such a system, one can optically
pump a fraction of atomic population to another state to match the input mirror re-
flectivity. Implementing a dynamic coherent transfer of population [111,134] to another
metastable ground state will furthermore allow efficient and long lived quantum storage
of a single photon pulse in the atom. Alternatively, one could ramp the mirror position
from the anti-node to the node of the standing wave so as to match the incoming photon’s
temporal profile to the ion-mirror system and store the photon in the long lived atomic
excited state [131]. Although the present results are obtained in the elastic scattering
regime with two levels, our experimental results may be seen as the first tests of such a
new single atom-photon interface.
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6 Entanglement of two ions via single
photon detection

6.1 Introduction

Entanglement lies at heart of quantum information science [139]. It is an essential resource
for quantum communication protocols including the secure distribution of cryptographic
keys [140] and quantum teleportation [141], as well as for quantum computation schemes
promising an exponential speed-up for particular computational tasks [142].

Long-lived entanglement between distant physical systems is an essential primitive for
quantum communication networks [20,21], distributed quantum computation [17-19] and
further tests of quantum mechanics. There are several protocols generating entanglement
between distant material systems. The vast majority of them exploit travelling light
fields as mediators of the entanglement generation process. One way to generate distant
entanglement is based on the generation of entanglement between a matter-qubit and
a single photon followed by the mapping of the photonic state onto a second matter-
qubit [22]. Another useful approach is to use the single photons for providing a heralded
entanglement generation [20,21,37,38|.

The realization of heralded entanglement between distant atomic ensembles [143, 144]
was amongst the first major experimental achievements in this field. Probabilistic gener-
ation of heralded entanglement between single atoms [38| was demonstrated using single
trapped ions [145| with an entanglement generation rate given by the probability of co-
incident detection of two photons coming from the ions [146,147]. More recently, single
neutral atoms trapped at distant locations were entangled by first generating the sin-
gle atom-photon entanglement and then mapping the photonic state onto the electronic
state of the second atom [148]. A heralding mechanism will however be essential for
efficient entanglement and scalability of quantum networks using realistic channels [21],
and single qubit operations are required for distributed quantum information processing
schemes [87]. For future quantum information applications it therefore seems to be cru-
cial to realize heralded distant entanglement with the possibility of single qubit operations
and with high entanglement generation rate at the same time.
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We present the experimental realization of a fundamental process which fulfills all three
conditions by showing entanglement between two well-defined atomic qubits via emission
and detection of a single light quanta, as proposed in the seminal work of Cabrillo et
al. [37]. In this scheme, both the energy and the phase of the emitted single photon are
used for entanglement generation. In addition, this mechanism allows the demonstration
of a large speedup in entanglement generation rate compared to the previously realized
heralded entanglement protocol with single atoms [145,146]. This result has potential to
enable the practical distribution of quantum information over long distances using single
atom architectures.

A part of the results and of the text presented in this chapter can be found also in the
reference [149].

6.2 Generation of entanglement by single photon
detection

Entanglement of distant single atoms through the detection of a single photon, as pro-
posed in the seminal work of Cabrillo et al. [37], is both a fundamental and promising
technique for the field of quantum information. In this scheme, two atoms (A,B) are
both prepared in the same long-lived electronic state |gg), see figure . Each atom is
then excited with a small probability p. to another metastable state |e) through a spon-
taneous Raman process (|g) — |i) — |e)) by weak excitation of the |g) — |i) transition
and spontaneous emission of the single photon on the |i) — |e). Here |i) denotes an
auxiliary atomic state with short lifetime. This Raman process entangles each of the
atom’s internal states |s) with the emitted photon number |n), so the state of each atom
and its corresponding light mode can be written as

|s,n) = /1 —pe\g,O)eid)L + /Dele, 1>ei¢D. (6.1)

Here, the phases ¢, and ¢p correspond to the phase of the exciting laser at the position
of the atoms and the phase acquired by the spontaneously emitted photons on their way
to the detectors, respectively. The total state of the system consisting of both atoms and
the light modes can be written as

|54, 58,14, mB) = (1 — pe)ePrAators)igg 00)+
+ V/pe(1 = pe) (A FTB) eg, 10) + ! rptna)jge 01)) 4 (6.2)
4 peei(¢D,A+¢D,B) |66, 11>‘

Indistinguishability of the photons from the two atoms is achieved by overlapping their

72



6.2 Generation of entanglement by single photon detection

lg) == =le) Phase
O stabilization
liaman Atom A
eam
& y N
Beamsplitter Beamsplitter

Atom B
|i> PY Single photon
—_— detector

gL T

Figure 6.1: Schematic picture of the entanglement generation by single photon detection.

corresponding modes, for example using a beam splitter. Single photon detection then
projects the two-atom state onto the entangled state

1
V2

with the probability of 1-p.. The analysis of success rate and fidelity of the generated

|54, 58) = [09) = —=(leg) + ¢”lge)), (6.3)

states including finite detection efficiency of a realistic experimental setup can be found
in the next section . The phase of the generated entangled state ¢ corresponds to
the sum of the phase difference acquired by the exciting beam at the position of the two
atoms and the phase difference acquired by the photons from the respective atoms upon
travelling to the detector,

¢ = (¢rB — ¢rA) + (DA — PDB))- (6.4)

The first term in equation corresponds to the phase difference of the exciting laser
at the position of atoms A and B. The second term is the phase difference acquired by
spontaneously emitted photons from the two atoms upon travelling to the detector.

In the ideal case, the fidelity of the generated state with the maximally entangled
state is limited only by the probability of simultaneous excitation of the two atoms
p?, which can be made arbitrarily small at the expense of entanglement generation suc-
cess probability P, see figure [6.2l The phase of the generated state depends on the
relative length of the excitation and detection paths, which therefore need to be stabi-
lized with sub-wavelength precision. Random changes of these path-lengths caused by
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atomic motion or air density fluctuations change the phase of the entangled state (6.3))
in an incoherent way, which can considerably reduce the fidelity of the generated state.

6.2.1 Single versus two-photon protocols

Here we compare the efficiency of the two known heralded entanglement generation pro-
tocols based on the single-photon [37] and two-photon [38] detection.

The main limitation for generation of heralded distant entanglement between single
atoms with high rate is imposed by the relatively small overall detection efficiencies of
fluorescence photons emitted by atoms in free space n [146]. For state-of-the-art experi-
mental setups employing high numerical aperture optics close to single trapped neutral
atoms or ions, np is on the order of 1073 [89,125,150-152]. There is a large effort in exper-
imental quantum optics community towards increasing this number both by employing
very high numerical aperture optics in the form of spherical [48] or parabolic [137,153]
mirrors and by developing single-photon detectors with high quantum efficiency. However,
even with these improvements it will be hard to increase the overall detection efficiency
by more than one order of magnitude.

Two-photon protocol

In the two-photon protocol, two distant atoms are first simultaneously excited using a
short laser pulse. After excitation to the same electronic state, the atoms ideally decay
with a probability of 50 % to two different electronic levels and the detection of two
photons with typically different polarization states in an indistinguishable way triggers
entanglement between the atoms. This corresponds to first entangling each of the atomic
states with the polarization of the emitted photon followed by entanglement swapping
onto the atoms by detection in a Bell measurement setup. In the case of an overall photon
detection efficiency equal to one, this technique generates entangled state of the atoms
in half of the trials. However, in realistic experimental setups, the rate of entanglement
generation is strongly suppressed due to a finite detection probability, because the two
heralding photons need to be detected in the same experimental run.

Comparison of the two protocols

We define two dimensionless measures crucial for the performance of any practical
quantum information network. Fidelity between the generated state described by the
density matrix p and the desired maximally entangled two qubit state [i)),

= {¥]pl) (6.5)

and success probability Ps, corresponding to probability with which this state can be
generated for given overall detection efficiency np.
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Figure 6.2: Success probability ratio of entanglement generation for the single-photon
and two-photon protocols. For current experimental setups, the single-photon
scheme is several orders of magnitude faster than the two-photon scheme.

Following the simplified model in the work of Zippilli et al. [146], the fidelity and success
rate of the single-photon protocol are given by

Fy ~(1—pe)/(1 =npp.) and Py ~ 2nppe(1 — nppe)- (6.6)

Here p, is the probability of the successful excitation and emission of a single photon by
a single ion. For a given value of p,, the fidelity increases with overall detection efficiency
because the likelihood of detecting events where two photons are scattered increases. For a
two-photon protocol, the effect of the detection efficiency on the generated state fidelity is
negligible, because both atoms need to be excited and only coincidence detection events
trigger entanglement, and thus the fidelity of the generated state with the maximally
entangled state is assumed to be Fy = 1. However, the rate and success probability of

entanglement generation depend here quadratically on np,
P,y ~ 13, (6.7)

since the two photons need to be detected at the same time.
Figure shows the ratio of success probabilities R = Ps;/P; 2 of the two protocols
for fixed values of the generated states fidelities as a function of detection efficiency. For
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6 Entanglement of two ions via single photon detection

a given desired fidelity the two-photon scheme is faster only for high overall detection
efficiencies. There is a large advantage in using the single-photon scheme for experimental
setups with detection efficiencies below 1072, For most of currently realized single-atom
experiments, the theoretical gain in entanglement generation rate using the single-photon
scheme corresponds to several orders of magnitude. In addition, even for unrealistically
high detection efficiencies of more than 90 %, the single-photon scheme can give higher
success rates of generated entangled states with high fidelities. This is due to the high
detection probability of double excitations which correspond to the fundamental source
of infidelity in the single-photon protocol, see equation .

6.3 Experimental implementation

6.3.1 Experimental setup

APDI1

RE(11 MH7) w7

o > Raman excitation ( 77 )
PBS HWP \_’\\-

)

HBT
detection

Mirror

+PZT
B-field

APD2

Cooling and repumping  Electron shelving . )
Optical pumping (c-)

Figure 6.3: Experimental setup for entanglement generation by a single photon detection.
a) The fluorescence of the two ions is overlapped using a distant mirror which
sets the effective distance between them to d = 1 meter. A half wave plate
(HWP), a polarizing beam splitter (PBS) and a single-mode optical fiber se-
lect the polarization and the spatial mode before an avalanche photodiode
(APD1). A non-polarizing beam-splitter and an additional avalanche photo-
diode (APD2) can be inserted to form a Hanbury-Brown-Twiss setup. The
figure is taken from the reference [149).

Two Barium ions are trapped and cooled in our linear Paul trap setup. As shown in
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figure a) and b), laser light at 493 nm is used to Doppler-cool the ions and to detect
their electronic states by means of electron shelving, and a laser field at 650 nm pumps
the atoms back to the 6Py /5 level from the metastable 5Dj/; state. By carefully adjusting
the cooling and trapping parameters, the ions are always well within the Lamb-Dicke
limit so that the photon recoil during the Raman scattering process is mostly carried by
the trap. This ensures that only minimal information is retained in the motion of the ion
about which atom has scattered the photon during the entanglement generation process.
The fluorescence photons are efficiently collected by two high numerical aperture lenses
(NA = 0.4) placed 14 mm away from the atoms. A magnetic field of 0.41 mT is applied at
an angle of 40 degrees with respect to the two-ion axis and defines the quantization axis.
After passing through a polarizing beam splitter that blocks the w-polarized light and lets
o-polarized light pass, the spatial overlap of the photons is guaranteed by collecting the
atomic fluorescence of the first ion in a single mode optical fiber, whilst the fluorescence
of the second ion is sent to a distant mirror that retro-reflects it in the same optical fiber.
We note that in our setup, super/sub-radiance effects that might occur here are on the
order of 1%, and can thus be neglected [154]. The fluorescence of the two ions (including
the Raman scattered light) is then detected by an avalanche photodiode with a quantum
efficiency of 60%.

6.3.2 Control of the entangled state phase

In order to produce a pure entangled state of two qubits, the phase ¢ defined in equa-
tion (6.4) of the generated states must be controlled with high precision. In our experi-
ment, this is achieved by a measurement of the phase of the interference produced by the
elastic scattering of the 493 nm Doppler-cooling beam with wavevector oriented perpen-
dicularly to the magnetic field direction and opposite to the wavevector of the counter-
propagating Raman beam, see figure The Doppler cooling (phase-stabilization)
beam is linearly polarized with polarization vector orthogonal to the magnetic field
direction. It therefore excites the ot and ¢~ transitions of the 6S;/, < 6P/, mani-
fold and elastically scattered photons can pass the polarization filter in the detection
channel, which blocks the m-polarized light. Photons scattered by the Doppler cooling
beam are following the same optical paths as the photons scattered by the Raman beam
just in opposite directions. Observation of their interference can be used for stabiliza-
tion of the relative phase of the exciting Raman beam at the position of the two ions
¢LB — ¢La = ¢1 — (1 + kzcosf) and the phase difference of emitted photons acquired
upon travelling to detectors ¢pa — ¢pp = kd. Here z is the mutual distance between
the ions, 6 is the angle between the ions crystal axis and direction of the exciting Raman
beam and ¢, is the phase of the exciting Raman laser at the position of ion A. Using this
method, the phase ¢ can be stabilized and set to the desired value.
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Figure 6.4: Experimental setup for phase stabilization. The exciting Raman and Doppler
cooling beams are counter-propagating and the angle 6 between them and
the two-ion axis is about 40°. The solid green lines depict the direction of
the two beams and dashed lines show the corresponding interference paths.
Observation of the interference between photons elastically scattered from the
two ions by the Doppler cooling beam then enables us to precisely estimate
the phase factor ¢ of the generated entangled state . The phase ¢ can be
adjusted by changing the position of the distant piezo mirror. Furthermore,
the distance z between the two ions can be set to a value which guarantees
that the interference signals generated by the two counter-propagating beams
oscillate in-phase.

We set the distance z to a value, which makes the interference signals generated by the
two counter-propagating beams oscillate in-phase as a function of the distance d. The
desired distance z is found by comparing the phase of the two interference fringes for
the exciting Raman and phase-stabilization beams. A simple plane-wave model gives the
detected light intensity I of the generated interference signals,

TRaman = |91 4 e terthzcostkd) 12 _ 9] 4 cos (kzcos b + kd)), (6.8a)
Ipoppler = |etP2Hhzeost) o o=ileathd)|2 — 9(1 4 cos (k2 cosf — kd)), (6.8b)

where ¢, is the phase of the phase-stabilization beam at the position of ion B. By com-
paring the phase factors of these interference signals, it is easy to show that they are
in-phase as a function of the distance d, if the distance z = nA/(2cosf),n €Z. The
phase of the interference pattern generated by the Doppler beam is then simply equal to
the overall phase factor ¢ relevant for the generated entangled state. We note that our
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Figure 6.5: Measurement of the phase difference of the interference signals generated by
the two counter-propagating beams. Blue and violet traces are the detected
count rates of fluorescence scattered by the Raman and phase-stabilization
(Doppler cooling) beams, respectively. The fringes are recorded in a pulsed
regime where the two driving beams are switched on consecutively in 5 ms
intervals, during which the scattered light intensity is detected. The phase of
interference fringes is varied by scanning the atom-mirror distance. The esti-
mated phase difference in the presented measurement example is about 47 °.

phase-stabilization technique applies also to setups where the two atoms to be entangled
are in distant separate traps.

In the experiment we find the desired distance z by measurement of the interference
patterns generated by the Doppler and Raman beams for several tip-voltages, see fig-
ure [6.5] The estimated optimal tip-voltage for reaching the in-phase interference signals
from these measurements is 243 V. In the experimental realization of the entanglement
generation we aim to demonstrate a successful preparation of the state for the phase
e =1

1

V2

which then corresponds to an antinode of the measured interference fringe generated by

[T) = —=(leg) + |ge)), (6.9)

the Doppler beam.
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Figure 6.6: Experimental sequence. Spontaneous Raman scattering from |g) to |e) trig-
gers emission of a single photon from the two atoms. Upon successful detec-
tion of a o~ photon, state analysis comprising coherent radio-frequency (RF)
pulses at 11 MHz, and electron shelving to the 5Ds/; level are performed.

6.3.3 Experimental sequence

In the entanglement generation procedure, we first Doppler-cool the ions and stabilize the
ion-mirror distance d/2 by locking the position of the interference fringe measured during
the Doppler cooling sequence to a chosen position, see figure The electronic states
of the ions are then prepared to the Zeeman substate [6S1/2 (m=—-1/2)) = |g) by optical
pumping with a circularly polarized 493 nm laser pulse propagating along the magnetic
field. Next, a weak horizontally polarized laser pulse (Raman excitation) excites both
ions on the S;/; < Py transition with a probability p, = 0.07 through a resonant
spontaneous Raman scattering to the other Zeeman sublevel [6S /2 (m=+11/2)) = |e). The
electronic state of each ion is at this point entangled with the number of photons |0) or
|1) in the o~ polarized photonic mode. Provided that high indistinguishability of the two
photonic channels is assured and that simultaneous excitation of both atoms is negligible,
detection of a single 0~ photon on the APD projects the two-ion state onto the maximally
entangled state (6.3]).

Following the detection of a Raman scattered ¢~ photon, we coherently manipulate
the generated two-atom state to allow for measurements in different bases. As shown in
figure , this is done by first applying radio-frequency (RF) pulses that are resonant
with the |g) < |e) transition of both atoms, see chapter |3.3|for more details. Discrimina-
tion between the two Zeeman sub-levels of the 65/, state is finally done by shelving the
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population of the 6S;/2 (m——1/2) state to the metastable 5D5/, level using a narrowband
1.76 ym laser. The fluorescence rate on the 6S1/, < 6P/, transition [66] allows distin-
guishing between having no excitation at all py,, a single delocalized excitation pg. or pe,
and two excitations p. in the two-atoms system. These events can all be separated with
98% probability, enabling us to efficiently reconstruct the relevant parts of the density
matrix of the two-atom state. The 614nm laser field then resets the ions to the 65,9
state and the same experiment is repeated 100 times.

6.3.4 Photon indistinguishability measurements

For efficient generation of the two-atom entangled state, the emitted photons must be
indistinguishable in all degrees of freedom at the position of the triggering single-photon
detector. We characterize their indistinguishability by measuring the first and second-
order correlation functions and by estimating the overlap of their wavepackets.

Second-order correlation function of two atoms

In order to estimate the degree of the spatial and polarization indistinguishability of
the photons coming from the two ions, we measure the second-order correlation function
g (7). To reach a time-resolution beyond the spontaneous decay time, we implemented
a Hanbury-Brown-Twiss setup by splitting the atomic fluorescence into two parts with a
non-polarizing beam-splitter and inserting a second avalanche photodiode (APD2), see

figure [6.3

The unnormalized second-order correlation function G (7) reads
Glio(r) = (B~ (B (t = ) B (¢ = 1) E* (1), (6.10)

where ET and E~ are positive and negative frequency parts of the field operator E and
7 is the time delay between two clicks at the two detectors. Field E = & F; + & Fye™
corresponds to the coherent sum of the two field operators from atoms 1 and 2 with a
phase difference ¢ and €] and €5 are the polarization vectors. For this measurement, we
do not stabilize the optical paths. By inserting the field expression into equation (6.10)),
and averaging over the optical phases ¢, we obtain

G (1) = 2(GP(1) + |68 |IGD ()2 + (n)?), (6.11)

where GM(7) is the (unnormalized) single ion first-order correlation function G (7) =
(E~(t)E*(t 4+ 7)) and (n) is the mean number of photons on each APD.
By normalization of the second-order correlation function to the total detected coun-
trate (E~(t)Et(t))? we get
1

gra(7) = 5(62(0) + e g (D +1), (6.12)
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Figure 6.7: Measurement of the second order correlation function of the two ions. Trace
(i) shows the experimental results and theoretical fit. Trace (ii) and (iii)
are the expected values at 7 = 0 for fully indistinguishable/distinguishable
emitters, respectively.

where ¢ and ¢® stand for first and second-order normalized correlation functions,
respectively. For a two single atoms, ¢g?(0) = 0 (antibunching) and ¢*(0) = 1, so the
total second-order correlation function is equal to

920) = 2(1+ e, (6.13)
From here it follows that for two indistinguishable polarizations g(TQO)t(O) = 1. The same
analysis applies also for the spatial indistinguishability.

Figure |6.7] trace (i) shows the measured normalized second-order correlation function
of the scattered light measured using the Hanbury-Brown-Twiss detection setup shown
in figure a). The measured value of the normalized second order correlation function
in our experiment of g%?o)t(()) = 0.9840.07 close to the theoretical value gé?o)t(()) = 1 proves
a very high degree of spatial and polarization indistinguishability:.

Measurement of the photon wavepackets

We estimate the overlap between the photons generated by the two ions in the sponta-
neous Raman process. We measure the correlation between the TTL-pulse at the output
of programable-pulse-generator (PPG) which switches on the excitation Raman-beam
and the arrival times of photons emitted from the two atoms using a high resolution
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Figure 6.8: Correlation measurements between triggering T'TL pulses at the output of the

programable-pulse-generator (PPG) and arrival times of the Raman-scattered
photons from the two ions. Measured yellow, blue and violet traces correspond
to shapes of photons coming directly from an attenuated exciting Raman-
laser pulse, fluorescence photons scattered from both ions and fluorescence
photons scattered from one of the ions, respectively. The background noise
is subtracted in all three measured traces. The shape of the wavepackets is
determined by the output from the PPG, which switches the acousto-optic
modulator (AOM). As can be seen in the measurement of the PPG digital
output (red dashed trace), the generated pulse is very different from a de-
sired TTL pulse for sub-microsecond pulse lengths. It generates three pulses
separated by about 50 ns instead of single pulse.

(64 ps) time tagging measurement (TTD, PicoQuant GmbH, PicoHarp 300). We detect
the exact arrival times of the TTL pulses and of the pulses generated by the avalanche-
photodiode (APD) due to the photon detection events. The switching of the exciting
Raman-beam using these TTL-pulses is achieved by switching of the RF-signal sent to the
acousto-optic modulator (AOM, Brimrose, EM-160-25-493). In this way sub-microsecond

lengths of

modulator
PPG [63].

the generated optical pulses are achieved, limited mostly by the acousto-optic
bandwidth of around 10 MHz and the shape of the pulse generated by the
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6 Entanglement of two ions via single photon detection

The results of these measurements are presented in the figure [6.8] We measure the
wavepackets of photons coming directly from an attenuated Raman beam and of fluo-
rescence photons generated by both one and two ions. Shapes of the measured photon
wavepackets are determined mostly by the imperfect TTL pulse shape generated by the
PPG. The overall time delay between the generated TTL pulses and arrival times of the
pulses generated by the detected photons was measured to be 380 ns, which is mostly
given by the speed of the sound-wave in the acousto-optical modulator crystal. The
length and the shape of the emitted photons from single ions on the Raman transition
(lg) — |i) — |e)) in the weak excitation regime and in the limit of the excitation pulse
length being much longer than the decay time of the excited state |i) is determined by
the time profile of the generated exciting laser pulse [155]. We measure the wavepackets
of the photons inelastically scattered from single ion towards the detector by blocking the
second ion emission in the mirror channel. The same measurement is done also with sec-
ond ion unblocked, which allows us to estimate the overlap between the photons emitted
from the two ions. The shape of the photons generated by the second ion is calculated by
subtraction of the blue and violet traces in the figure[6.8] Normalized measured envelopes
of photons generated by the two ions show very high overlap of 96 + 2 %, limited mostly
by the shot noise of the detected light. A small difference in the detection probabilities
of photons from the two ions is caused by the lower detection probability of the photons
from the second ion, which have to pass the high-NA lens twice and only after that they
share the path and thus the losses of the photons coming from the first ion. The ratio
between the detection probabilities of the photons coming from the two ions in our setup
was estimated to be around 0.9. We make the detection probabilities the same by setting
the fiber coupling efficiencies of the two ions to be approximately equal using a slight
misalignment of the coupling of the fluorescence from the first ion to the single mode
fiber.

The presented measurements of the photon wavepackets show that the shapes of
photons coming from the two ions are the same and thus they should not affect our
entanglement-generation measurements.

Phase interference measurements

In order to estimate the amount of motion induced which-way information, we measure
the first-order correlation function. Figure , trace (i) shows the fluorescence intensity
as a function of the distance d between the two ions in a regime where elastic scattering
dominates. For comparison, trace (ii) shows the interference of the fluorescence of one
ion with itself under the same cooling conditions. A contrast of up to 40% is observed
for the interference of the elastic light scattered by the two ions. Temporal decoherence
caused by the photon emission and absorption recoils [39,66, 156, 157] is high enough to
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Figure 6.9: Measurement of the phase coherence of photons scattered by the two ions.
Interference fringes when the fluorescence of one ion overlaps with itself (trace
(ii)) and when the fluorescence light of both ions is superimposed (trace (i)), is
measured in the limit of a weak excitation as a function of the phase difference
between the two optical paths. The contrasts are 60% and 33% respectively,
both limited mostly by atomic motion.

explain this contrast.

Conclusion

The measurement of the first and second-order correlation functions and measurements
of the temporal overlap of photons emitted by two ions yield unambiguous separation
between the major decoherence mechanisms. We have shown that photons emitted from
the two atoms are almost perfectly indistinguishable in their spatial and polarization
degrees of freedom and that the temporal overlap of their wavepackets is very high.
The presented measurements of phase coherence and theoretical analysis presented in the
chapter[6.5.2]lead us to the conclusion that which-way information given by atomic motion
is the main source of distinguishability in our entanglement generation experiment.

6.4 Quantum state reconstruction

We need to estimate the generated state to evaluate the efficiency of the presented experi-
mental realization of the single-photon entanglement generation protocol. This is usually
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done by means of quantum state tomography, which consists of a set of measurements
on identical copies of the unknown state. Using the frequencies of the different mea-
surement outcomes, the state which most likely corresponds to the measured one can be
estimated [158,159].

6.4.1 Estimation of distant entanglement

In most quantum information experiments with single or multiple ion crystals, qubits
are encoded in an electronic state on some long-lived atomic transition [160]. The phase
of this state oscillates at a frequency corresponding to the energy difference between
the two levels, typically at hundreds of THz for an optical transition. These qubits are
controlled using narrowband lasers with frequency tuned close to the resonance frequency
of the qubit transition. In the frame rotating with this fast oscillation, the relative
phase between atomic qubit and control laser field can be defined with precision of up
to 10”4 deg limited by the technical accuracy of the phase-coherent switching [63, 69].
Qubits can be then initialized by pumping all the population into one of the energy
eigenstates of the employed transition and by applying a laser pulse with some unknown
but stable absolute phase. This phase defines the rotation axis of the qubit in the Bloch
sphere. The relative phase of the following laser pulses can be easily set by controlling
the phase of the radio-frequency signal applied to an acousto-optical modulator (AOM)
acting on the laser beam in a phase-coherent way. Within the coherence length of the
qubit, an arbitrary state can then be created and measured by keeping track of relative
phase and amplitude of the RF-signal applied to the AOM, see figure [6.10]

However, when creating the state of atomic qubits by a laser-phase independent method,
for example by interference and a detection process as in our entanglement generation
experiment, the phase of the generated state generally depends on other parameters, for
example the time of the photon detection, and is independent of the phase of the analyz-
ing laser. Therefore, the phase of the qubit states is not correlated to the absolute phase
of the laser which could be used for the quantum state tomography on optical transition
qubit. Absolute phase of the laser used for the qubit rotations in the state tomography
procedure would be in this case random with respect to the phase of the generated state.
Full state tomography thus cannot be then performed on the entangled states generated
by single or two-photon entangling protocols if the qubits encoded on optical transitions.

There are several ways to prove that two distant atoms are entangled, here is a short
summary:

e Employment of a radio-frequency or microwave atomic transition for encoding the
qubits, because the absolute phase of the applied radiation at these frequencies can
be well controlled. If additionally the individual ion addressing can be realized, for
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Figure 6.10: Illustration of the two experimental situations in quantum state tomography
of atomic qubits. When the state of the qubits is prepared and reconstructed
using the same laser field within the coherence time of the system 7., the
whole procedure is independent of the absolute phase of the laser. However,
if the state of the atomic qubits is prepared using some procedure which is
independent of the absolute phase of the laser field, for example by detec-
tion of the emitted fluorescence photon, the full quantum state tomography
cannot be easily realized on optical transitions.

example for spatially separated ions in distant traps, full quantum tomography of
the generated state is possible.

e In order to estimate the overlap of the generated state with the desired entangled
state it is sufficient to measure only the parts of the density matrix which contribute
to this overlap. For some particular entangled states, for example [¥), these parts
of the density matrix can be accessed by a sequence of global qubit rotations,
independent of the absolute phase of the applied laser field. We use this method in
our experiment and a detailed theoretical description can be found in chapter|(6.4.2]

e Complementarity relations between the visibility of the interference of sponta-
neously emitted photons from the two atoms and the amount of concurrence as
an entanglement measure can be used for particular atomic level schemes. In our
experiment, this would correspond to the scattering of a single photon from the two
entangled atoms following the Raman process (le) — |i) — |g)). Observation of
the phase interference between these photons can be then quantitatively related to
a lower bound of the amount of entanglement in the system [161,162|. The main
disadvantage of this approach is the small detection efficiency of scattered photons
which is proportional to the overall success rate of the entanglement generation
process Piyce.
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6.4.2 Parity measurements

We perform a Ramsey-type interference measurement that probes the coherence between
the |ge) and |eg) states to estimate the fidelity of our experimentally generated state
with the maximally entangled state |¥T). This is realized by a measurement of the
parity operator
P = Pag + Pec — Peg — Dge, (6.14)
where p;; are the projection operators on states |ij), i,j € {g,e} in different bases [163].
The general state of our two-qubit system can be described by the 4 x 4 Hermitian
matrix
Pgg  Pggeg Pgg.ge Pgg.ee
P p%g,eg feg Peg.ge  Peg.ee (6.15)
Pggge Pegge  Pge  Pygeee
Pygec Pegee Pgece  Pee

Measurement of the parity operator P on state p preceded by the collective rotation
R(7/2, ¢) defined in (3.4) can then be formally written as Tr[PR(7/2, $)p(R(7/2,$))"].
For |[W*) we get the rotated state

1

R(w/2,¢)|W") = 7

(lee) + €*?1gg)) = |a) (6.16)
and thus A
Tr(Pla)(al) =1 (6.17)

for all ¢. A parity measurement on the |¥') entangled state is therefore invariant with
respect to the change of the phase ¢ of the rotation pulse R(ﬂ' /2, ¢). In order to measure
the parity oscillations for this state, we first have to rotate by a global R(ﬂ /2,m/2) pulse,
corresponding to a g, rotation on both qubits with the pulse area of /2.

It can be shown that a peak-to-peak value of the parity measurement oscillation higher
than one with an oscillation period of ¢ = 7 on two qubits is a sufficient condition for
proving that the measured bi-partite system is entangled [163].

We evaluate the fidelity F' = (¥*|p|¥U*) with the maximally entangled state |[UT) to
quantify the amount of entanglement. It reads

1
F= 5[/)96 + peg + 2Re(peg ge)]- (6.18)

The fidelity thus depends only on the diagonal populations p,. and p., and on the real
part of the off-diagonal term p.4 4. that expresses the mutual coherence between them.
All these terms can be accessed using collective rotations R followed by the parity oper-
ator measurement. Diagonal terms pg and p., can be estimated directly by measuring
populations without any prior RF-pulse application. The coherence term p, 5. however
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Number Pulse Measurement
of pulses sequence result
0 B Pag + Pee — (peg + pge)
AR(W/Qa 0) 2Re(pge.cg — Pog.ec)
1 1?(7/27 m/4) 2(Re(pge.eq) + Im(pggee))
R(r/2,7/2) 2Re(pge,eg t Peg,ee)
5 AR(ﬂ'/2, W/Q)AR(W/Q, 0) 2Re(pgees — Pag,ee)
R(m/2,m/2)R(7/2,7/2) | pgg + pec — (Peg + Pge)

Table 6.1: Examples of the measurement sequences. Expectation value of the parity
operator after applying various global RF-pulse sequences to the ions.

cannot be measured with a single global pulse sequence, because it is always measured
together with the coherence term py4 ... A simple way to separate their respective con-
tributions to the measured parity signal is to measure the parity operator value after
a single rotation R(m/2,¢) for different phases ¢. Invariance of the measured parity
value with respect to the phase ¢ proves that the only coherence term contributing to
the measured coherence signal is the desired pe4 4. Table shows examples of some
relevant RF-pulse rotation sequences and the corresponding parts of the density matrix
p contributing to the measured signal.

6.5 Entanglement generation results

6.5.1 Experimental analysis of the generated state

Figure a) shows the measurement results obtained without RF analysis pulses. We
measure the number of excited atoms after detection of a triggering photon what gives us
the diagonal terms of the density matrix corresponding to the populations of the
generated state. The results tell us that 89+3% of all the triggering events signal that
only one of the atoms was excited to the |e) state. The remaining 10% errors are caused by
APD dark counts and double excitation of the ions. Our detection process using a single
photomultiplier doesn’t allow us to resolve individual p., and p4 populations directly, but
it tells us the number of the excited atoms, which correspond to the populations pyg,p0cq
and (peg + peg). As demonstrated in equation (6.18)), this is sufficient information about
the populations of the generated state for the estimation of the fidelity with the state
|U*). Nevertheless, we also experimentally proved that p., and p, are approximately
the same, since they depend only on the excitation probabilities and overall detection
efficiencies from the two ions, which are the same in our experiment (see section [6.18)).
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Figure 6.11: Characterization of the entangled state. a) Two-atom state populations after
the detection of a ¢~ photon showing that the total probability of measur-
ing the state with a single excitation is 90%. b) Parity measurements as a
function of the RF-phase. Trace (ii) corresponds to the measurement of the
atomic populations after two global rotations Rg(w /2,m/ Q)Rg(ﬂ /2,¢). In the
measurement of trace (i) only a single global RF-pulse I%g(w /2, ¢) is applied.
The dashed line shows the threshold for entanglement, estimated from the
measured diagonal terms. This threshold corresponds to the minimal value
of the coherence term 2Re(pegge) which guarantees the presence of entan-
glement for the measured populations (pe, + pge). Individual points of the
measured parity signals at different phases ¢ are explained in the table

Therefore we can estimate also the individual populations as pe; = pge = 1/2(peg + pye)-
In order to measure the quantum coherence of the generated state, we then apply two
consecutive global RF-pulses, each corresponding to the rotation

~

R(0,¢) = exp (—ig(cos ¢S, + sin $S,)), (6.19)
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6.5 Entanglement generation results

where gﬂ;,y = 6;&; ® &% is the global Pauli operator acting on both ions. The rotation

angle 6 and rotation axis ¢ on the Bloch sphere are determined by the duration and
the phase of the RF pulses, respectively. We first apply the pulse é(?T/Z,W/ 2) which
performs the unitary rotation R(rw/2,7/2)|0) — |®~), where |®) = \%(|gg> — |lee)).
A second RF-pulse with same duration but with a phase ¢ then performs the rotation
R(7/2,¢)|®). After shelving the state |e) to the metastable level 5D5/2, we scatter light
from both ions on the cooling transition. From the measured fluorescence rate at different
phases ¢ we extract the mean value of the parity operator P.

Figure b), trace (ii), shows the results of the parity operator measurements pre-
ceded by two global RF rotations R(w/2,7/2)R(7/2,$). The measured parity clearly
oscillates as a function of phase ¢ with contrast of 58.0+2.5% and period of 7, a proof
that we indeed succeed in preparing an entangled two-ion state close to |U*) [163]. The
mean value of the parity operator at zero phase (P)¢_>0 corresponds to the difference be-
tween the inner parts and outer-most coherence terms of the density matrix. We evaluate
it to be 2Re(pge,ce — Pegee) = 0.38 £ 0.03. This number proves that there is a coherence
in our system. However, to precisely quantify the fidelity of our state with |U*), we need
to estimate solely the real part of the coherence py. ¢, itself. The contribution of the co-
herence term pyq .. to the measured value can be excluded by measurement of the parity
without the first RF rotation, see table Trace (i) of figure[6.11}b) shows the expecta-
tion value of the parity as a function of the phase ¢ of the single RF-pulse. The invariance
of the measurement result with respect to the phase ¢ proves that pgg.. = 0 £ 0.03, so
that indeed only the coherence corresponding to the state |¥") is measured. We finally
estimate that the fidelity of the generated state with the maximally entangled state |¥)
is F' = 63.5 +2%. The threshold for an entanglement is thus surpassed by more than six
standard deviations. The parameters of the measured parity function are in general given
by the measurement sequence and by the state of the qubits. For the case of the two-
qubit entangled state |¥*) and the sequence corresponding to two consecutive rotations
R(W/ 2, (b)f%(ﬂ/ 2,7m/2), the measurement of the parity operator P with the phase values

A A

of g =nmn € Zand ¢ = 7/2+nm,n € Z gives (P)yp—nr = 1 and (P)y—r/24nr = —1,
respectively. The values of the parity operator at (P)g_,, and (P)y_r /24nm correspond
then directly to the measurement of the coherence and population of the |UT) state, see
also the table [6.1] If the populations are much higher than the coherence between them
and if we assume all other parts of the two-qubit density matrix to be zero, we get parity
oscillations which are strongly asymmetric with respect to the zero value of the parity
operator. This is the case also in our measurements presented in the figure b), trace
(ii). In the extreme example where populations would be perfect but with no coherence,
the parity signal would oscillate in the interval [—1,0].

The coherence between the |ge) and |eg) states of 38 £ 3% is limited by three main

processes. First, imperfect populations of |ge) and |eg) states set a limit of 89% [164].
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6 Entanglement of two ions via single photon detection

Around 4% of the coherence loss can be attributed to the finite coherence time of the
individual atomic qubits (120 ps) due to collective magnetic field fluctuations. Although
the generated |¥™) state is intrinsically insensitive against collective dephasing [165,166],
a loss of coherence is indeed expected after a rotation of |¥™) out of the decoherence-free
subspace. The highest contribution to the coherence loss can be attributed to atomic
motion, which can provide information about which atom emitted the photon. Around
55% of the coherence is lost due to the atomic recoil kicks during the Raman scattering
as explained in the analysis section [6.5.2] Error bars in the presented measurements
results correspond to one standard deviation and are estimated statistically from several
experimental runs each giving approximately 120 measurement outcomes. Up to 60 % of
the measurement error is caused by the quantum projection noise. Additional uncertainty
comes from slow magnetic field drift with a magnitude of several tens of nT making the
RF-driving off-resonant by tens of kHz.

6.5.2 Quantum coherence

The fidelity of the maximally entangled state |U") with the experimentally generated
one is given by [37]

1
F = 5,<U-(1+dene*4t/7). (6.20)

Here k is a factor taking into account imperfect populations of the |ge) and |eg) states
mimicked mostly by the detector dark-counts and double-excitations of ions due to imper-
fect setting of the Raman-beam polarization and finite value of the excitation probability
pe. The latter gives a double-excitation rate of 3p? ~ 1.5 x 1072. Fyy, describes the
decoherence due to atomic motion (dynamical fidelity factor) and e=*/7
loss of coherence due to the finite coherence time 7 of each individual qubit [167]. Time

expresses the

t is the time relevant for the decoherence process, which in our case corresponds to the
time difference between the rotation of the generated state out of the decoherence-free
subspace and realization of the (parity) rotation using second analyzing pulse. The over-
all fidelity F is related to the respective density matrix elements as defined in (6.20),
through

Pge T Peg = K (6.21)
2Re(pegge) = KFagme 7. (6.22)

The main factor contributing to the decoherence is atomic motion. One can show that

Fin = e([@l'ﬁ1*§2'ﬁ2]2>/2’ (6.23)
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S 712 7 1 o 12 71,2
where 12 = kout - kin and kout ~ _kout' kout,in

is the wavevector of the 493 nm light
driving (in) and emitted (out) by atom 1 and 2 respectively. ;o = ﬁl? - ﬁ% are the
displacements of atom 1 and 2 away from their equilibrium positions ﬁfg. Decomposing
the ion crystal motion into the normal modes, one gets

iU — Ga - Uy = —2koutf§f + 2k cos @™ — 2k sin ¢F (6.24)

rel rel

where 7% are the position operators of the quantized harmonic oscillator modes of

the two-ion crystal. cm and rel denote the center of mass and stretch/rocking modes,
respectively, and rad, ax are the radial and axial coupled modes. ¢ is the angle (in our case
40 degrees) between the Raman excitation laser and the two-ion crystal axis. Inserting

the expression ([6.24]) into equation ((6.23)), we then get
Fpgo = ¢ 206, (6.25)

where

1
o= Jlomy + Mo+ o (620

Each o corresponds to the mean extent of the atomic wave packet. For instance, we have
orad = /(2729 4 1)(0](rrad)2]0), here (0](r724)2|0) is the mean extension /h/(2mwrad) of

the coupled harmonic oscillators in the ground state, and 7 is the mean phonon number

in a given mode. m is the atomic mass, and w the frequency of the oscillator, which
we estimated for all modes using the spectroscopy on the quadrupolar transition to be
(wiad wax rad) = 27(1.5,0.9,1.1) MHz. Taking the mean phonon number of each mode

to be around 12 for a Doppler cooled ion-crystal [66], we get
Fayn = 0.45. (6.27)

In the limit of a weak excitation, kFgy, also directly corresponds to the visibility of
the two-ion interference. The effect of motion-induced decoherence can be reduced by
cooling the radial modes to the motional ground state [66] or by choosing a forward
Raman scattering scenario [37]. The difficulty of the last option in our particular setup
is that light from the Raman excitation can leak through the detection channel during
the excitation.

The effect of the finite coherence times of the individual qubits is included in the

4/7 In our experiment, the coherence time of the individual RF

coherence factor e~
qubits is limited mostly by the ambient magnetic field fluctuations. For each atom, we
measured it to be 120 ps. The noise seen by both ions when they leave the decoherence-
free subspace is mostly correlated [167]. For our experiment, this amounts to a decrease

of our coherence on average by factor of about e=*/7 = 0.96.
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6 Entanglement of two ions via single photon detection

Last, the coherence and overall fidelity of the generated entangled state is limited by
the imperfect populations of the desired |ge) and |eg) states. This is effectively accounted
for in the overall fidelity by the factor k, which we estimated from the populations
measurements to be 0.89+0.03. This is in good agreement with the excitation probability
pe = 0.07 4+ 0.03 of each ion and the measured dark-counts of our avalanche photodiode
of 10 counts/s.

By inserting all the mentioned inefficiencies into the equation , we get the overall
fidelity of our measured state with the maximally entangled state [¥1) to be F' = 0.62,
in good agreement with the measured fidelity of 0.635 £ 0.02.

6.5.3 Phase tunability
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[}
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Figure 6.12: Characterization of the entangled state. a) Real part of the coherence be-
tween the |ge) and |eg) states as a function of the phase of the optical path
difference between the two ions. Measured points are marked by the corre-

sponding entangled states.

An intrinsic feature of the realized entangling protocol is the dependence of the gen-
erated entangled state phase on the optical path difference between the two ions. To
demonstrate this, we measure the real part of the coherence between the |ge) and |eg)
states as a function of the phase factor kd, where d/2 corresponds to the ion-mirror
distance as depicted in the figure [6.3| and can be adjusted by shifting the piezo-mirror.
The experimental procedure for estimation and setting of the entangled state phase is
explained in section [6.3.2] Figure [6.12] reveals a large change of the real part of the co-
herence from positive to negative values when going from the maximum to the minimum
ikd

of the interference signal, in agreement with the e"* phase dependence of the entangled

state.
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6.5.4 Entanglement generation rate

An important feature of the single-photon heralding mechanism is the high entanglement
generation rate that can be achieved. With our experimental set-up, the single photon
detection scheme indeed yields a higher rate compared to the two-photon scheme pro-
posed by Simon et al. [38,146]. The probability of preparing an entangled state depends
on the probability of the single photon detection and the Raman scattering probabili-
ties [146], which in our case gives a total of Py = 1.1 x 107 for each trial run. With
an experimental duty cycle of 2.3kHz, this corresponds to 15.4 successful entanglement
generation events/minute, which is in good agreement with the experimentally observed
14+1.5 events/minute.

The efficiency for detecting a single Raman-scattered photon in our setup was estimated
to be np = 8 x 1071 It was derived from the detection probability of a single Raman
scattered photon given by the collection efficiency of our lenses (~ 0.04), the single-mode
fiber coupling efficiency (~ 0.1) and by the avalanche-photodiode detection efficiency
(~ 0.6). Additional factors of 0.5 and 0.66 come from the polarization filtering of the
unwanted m-polarized photons and from the probability of decaying back to the |g) state
after the Raman pulse excitation, respectively. The actual entanglement rate may thus
be estimated. With our single ion excitation probability p. = 0.07 £ 0.03%, the overall
probability for detecting a single photon from one of the two ions is then Pi.. = 2p.np =
1.1 x 10~*. For comparison, the heralding entanglement scheme proposed by Simon et
al. [38] would give for our experimental setup approximately Py & 2n% = 1.3 x 1079,
so about two orders of magnitude smaller success probability of entanglement generation
in a given experimental trial. For simplicity, we assumed here p. = 1 for the two-photon
scheme and an additional factor of two comes from the two possible contributions to
coincidence detection events.

6.6 Conclusion

We have demonstrated a fundamentally new protocol for generating heralded entangle-
ment between two ions. This was achieved via the scheme proposed in the seminal work
of Cabrillo et al. [37] where two atoms are entangled with the emission and detection
of only one photon. Such a single-photon scheme allowed us to reach a rate of entan-
glement generation of 14 events/minute, more than two orders of magnitude higher than
the rate obtainable with protocols relying on a two-photon coincidence events with our
experimental parameters. The maximally entangled state |U™) is produced with a fidelity
of 63.5% limited mostly by residual atomic motion. These results can be improved by
cooling all of the involved motional modes close to their ground state [66] or choosing
a different excitation direction to minimize residual which-way information. By nearly
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6 Entanglement of two ions via single photon detection

collinear alignment of the Raman excitation laser with respect to the detection direc-
tion, the residual which-way information stored in the atomic motion can be completely
suppressed due to cancellation of the absorption and the emission recoil kicks.

There are some obvious questions regarding the technical difficulties related to phase
stability requirements and photon recoil problems of the single-photon entanglement gen-
eration scheme. For generation of the entanglement between distant atoms, the paths
of the excitation and detection channels need to be interferometrically stable. This is-
sue has been addressed by the community developing fiber links for comparing remote
optical clocks. Recently, coherent laser light transfer over more than 900 km has been
shown with a precision exceeding the requirements for our scheme [168]. The problem
of a which-way information available due to the atomic recoil upon scattering of single
photon can be eliminated by changing the geometry of the system. We are convinced
that these requirements are practically much easier to achieve than the realization of
experimental setups with very high detection efficiencies proposed as a possible solution
to the low success rate of the two-photon scheme.

These improvements, together with the experimental results presented, will enable ef-
ficient creation and distribution of entanglement between distant sites with well-defined
and controllable atomic qubits. Such entanglement generation corresponds to an essen-
tial building block of scalable quantum communication [87] and distributed quantum
computation [17-19] architectures with single atoms.
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7.1 Conclusion

The work presented in this thesis aimed to bring more insight into the fundamental in-
teraction between light and single atoms in free space. We have made several technical
improvements, which led to the realization of high-fidelity single-qubit operations on mag-
netic dipole and electric quadrupole transitions of **Ba™. These achievements, together
with a relatively high collection efficiency of the optics employed in our ion trapping se-
tups, enabled several experiments that studied both the probabilistic and deterministic
ways of quantum information processing with single atoms and photons. We have ex-
perimentally studied the influence of atomic motion on the phase coherence of emitted
fluorescence, which can in turn be used as an estimator of the atomic temperature itself.
Next, we have realized a free-space coupling of a weak coherent beam to a single atom,
which enabled us to observe an electromagnetically-induced transparency and the oper-
ation of a single atom as an optical mirror of a Fabry-Pérot-like cavity. Finally, we have
realized a scheme for entangling distant atoms by single photon scattering and detection.

Coherent manipulations and sideband cooling of **Ba™

We have improved the experimental setup by implementing 1.76 um fiber and 614 nm
diode laser systems and their frequency stabilization to optical resonators in order to
achieve coherent operations on quadrupole 65/, <> 5Ds/, and sideband cooling. We
have realized the electronic setup for driving magnetic dipole transition between the two
Zeeman substates of the 65,/ level with frequency splitting of 11.5 MHz. Furthermore,
we have realized fast switching and generation of pulse sequences using a programmable
pulse generator. These technological advancements enabled us to demonstrate efficient
qubit rotations on the optical and RF transitions of **Ba™ necessary for further real-
ization of probabilistic quantum networking. Visibilities of Ramsey interference fringes
were close to 100 % for both qubit transitions and for short time delays between the
two Ramsey pulses. For longer delays the main limitation on coherence was imposed by
fluctuations of the ambient magnetic fields at 50 Hz. A possible way to reduce magnetic
field fluctuations at the position of the ion could be the utilization of passive magnetic
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field shielding as demonstrated in another experimental setup in our group [67], where
measurements showed suppression of the magnitude of these fluctuations by more than
40 dB. Another solution, perhaps easier to implement in the existing experimental appa-
ratus, corresponds to an active stabilization of the magnetic field at the position of an ion.
We have also demonstrated sideband cooling of a single Barium ion on the 6S; /2 <+ 5Ds /o
quadrupolar transition close to its motional ground state with cooling times of several
milliseconds. The speed and efficiency of the cooling process were mainly limited by the
small corresponding Lamb-Dicke parameters.

Interferometric thermometry

We have demonstrated a strong dependence of the interference contrast in our half-
cavity setup on the ion’s motional amplitude and introduced a new thermometry method
based on measurement of the first-order coherence. The achieved single phonon resolution
of temperature measurements suggest applications of our method for experiments with
Doppler and sub-Doppler cooled ions, where the usual thermometry techniques based on
the sideband-resolved spectroscopy are not available.

Free-space atom-light coupling

The main purpose of experiments presented in chapter [5| was investigation of the cou-
pling of a weak near-resonant coherent probe beam to a single Barium ion in a free space
and demonstration of related quantum optical phenomena. The coupling was mediated
by a single objective covering 4 % of the full solid angle. We have demonstrated direct
extinction of the probe field manifested by the suppression of its intensity by 1.3 %.
The amount of extinction was mainly limited by the numerical aperture of the employed
objective, atomic motion and imperfect spatial mode matching of the probe mode with
atomic dipole emission pattern. We hope to dramatically improve the amount of ex-
tinction by designing a new experimental setup employing the lenses covering more than
15 % of the full solid angle. Better spatial mode matching of the probe beam with atomic
emission pattern can be achieved using spatial light modulators. Next, we demonstrated
electromagnetically-induced-transparency (EIT) by observation of inhibition of the ex-
tinction by almost 75% for a 650 nm control field tuned to a two-photon resonance with
the probe. We demonstrated the operation of a single ion as an optical mirror of a Fabry-
Pérot-like cavity by observation of the phase interference between the part of the probe
beam reflected from the dielectric mirror and the part reflected from the ion. This exper-
iment enabled us to study quantum-electrodynamics effects in a novel regime where both
the modification of the vacuum mode density at the position of an ion and free-space
coupling of the probe beam play a role.

Probabilistic entanglement
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We have demonstrated a new protocol for generation of heralded entanglement between
two ions as proposed in the seminal paper by Cabrillo et al. [37]. Ions were entangled
by Raman emission and indistinguishable detection of a single photon. The entangled
state |UT) has been generated with a fidelity of 63.5% and rate of 14 entanglement
events/minute, corresponding to more than two orders of magnitude gain, when com-
pared to the rate obtainable with protocol relying on a two-photon coincidence events
with our experimental parameters. The fidelity of the maximally entangled state was
limited mostly by residual atomic motion. This could be improved by choosing the exci-
tation direction collinear with the detection direction of emitted Raman photons, which
minimizes residual which-way information due to the atomic recoil.

The presented results have direct implications for long distance quantum information
processing in both deterministic and probabilistic protocols. Quantum memories, where
the quantum state is deterministically exchanged between atoms and light fields form an
essential part of quantum repeater architectures [21,117] and EIT seems to be promising
method to achieve this transfer [117]. The demonstration of a distant entanglement
generation protocol will enable efficient creation and distribution of entanglement between
remote sites with controllable atomic qubits. Realizations of the experiments presented
here pave the way towards scalable quantum communication [87] and distributed quantum
computation [17-19] architectures with single atoms and photons in a free space.

7.2 Outlook

The experiments presented and technical tools developed in this thesis will enable ad-
vanced studies of atom-light interactions and quantum electrodynamics in free space. The
efficient collection of resonance fluorescence is the key to all of the experiments presented
here. The collection efficiencies are restricted to a few percent by both the geometries of
the employed traps and the solid angle of our high-NA optics and further improvements in
the existing apparatuses would be difficult. Therefore, many of these experiments would
benefit from the realization of a new experimental apparatus including a Paul trap with
much better optical access to the emitted fluorescence.

Realizing a similar setup with higher numerical aperture optics would allow for more
efficient generation of distant entanglement using the presented single-photon entangling
protocol. Presented results of entanglement generation could be realized with greater
physical distance between the ions by trapping them in two separate traps, which would
much better correspond to the realistic quantum networking conditions. Furthermore,
the collinear excitation of the Raman transition with respect to the detection direction,
which has potential to strongly improve the fidelity of the generated state, would be much
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easier to realize in such a setup.

With small modifications, the realized experimental scheme for entanglement genera-
tion could be used as a quantum memory for polarization states of single photons, similar
to the experiments reported with atomic ensembles [119]. This memory would have some
inherent advantages compared to systems based on optically thick ensembles of neutral
atoms, in particular the absence of decoherence due to the diffusion of atoms from the
storage region. Using the decoherence free subspaces [169], the storage times could easily
exceed several seconds in such setup.

Successful observations of extinction and EIT from a single ion suggest possible ex-
periments, in which a single ion could act as an efficient switch, polarization rotator or
phase shifter of a weak coherent beam or a single photon. Using higher NA lenses, a non-
demolition measurement of the ion’s motion as proposed in [104] should become feasible.
Realization of quantum cascaded systems [170], where fluorescence photons generated
by a single ion excite the second ion could provide important insight to the process and
statistics of single photon absorption by a single ion.

In the presented thermometry experiment we used a simple ion-mirror setup for esti-
mating the amplitude of an ion’s thermal motion from the interference contrast of the
emitted fluorescence. By preparing a highly non-classical motional state, for example
a cat-state, this setup could be employed to investigate the collapse of the motional
wavefunction conditioned on the detection of an emitted fluorescence photon.

On the purely technical side, the degree of control of coherent interactions on the re-
alized qubit transitions could be significantly improved by implementing active magnetic
field stabilization at the position of the trap. Furthermore, the slow drift of the optical
cavity that stabilizes the 1.76 pum laser could be compensated by locking the frequency
of the laser to the ion’s transition. These improvements would allow the realization of
entanglement using the common motional modes of two ions in the same trap by some
of the well known techniques, for example using the Mglmer-Sgrensen gate [171]. Such
deterministic generation of entanglement could be then employed for testing the proposed
estimation of the amount of entanglement based on the measurement of interference con-
trast of spontaneously scattered photons from the two atoms [161], as described in the
section [6.4.11

Besides these possible experimental proposals, there are a number of exciting phys-
ical phenomena which can be conveniently investigated using the knowledge and tech-
nological improvements developed in this thesis. These include the measurement of the
super /sub-radiance effects between two ions, of the quadrature squeezing of the resonance
fluorescence, or of the ion’s trajectory in phase space for different motional states.
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Journal publications

The work presented in this thesis resulted in number of publications in the field of quan-
tum information processing with single atoms and photons in free space:

e "Atom-atom entanglement by single-photon detection",
L. Slodicka, G. Hétet, N. Rock, P. Schindler, M. Hennrich and R. Blatt, Phys.
Rev. Lett. 110, 083603 (2013)

e "Interferometric thermometry of a single sub-Doppler-cooled atom",
L. Slodic¢ka, G. Hétet, N. Rock, S. Gerber, P. Schindler, M. Kumph, M. Hennrich,
and R. Blatt, Phys. Rev. A 85, 043401 (2012)

e "Single Atom as a Mirror of an Optical Cavity",
G. Hétet, L. Slodic¢ka, M. Hennrich, and R. Blatt, Phys. Rev. Lett. 107, 133002
(2011)

e "Electromagnetically Induced Transparency from a Single Atom in Free Space",
L. Slodi¢ka, G. Hétet, S. Gerber, M. Hennrich, and R. Blatt, Phys. Rev. Lett.
105, 153604 (2010)

In the framework of this thesis, I contributed also to additional publications concerned
with studies of atom-light coupling in a free space, quantum feedback and phase locking
of the motion of single atoms and measurements of correlation functions of single atom
resonance fluorescence:

e "Faraday rotation of a tightly focussed beam from a single trapped atom",
G. Hétet, L. Slodicka, N. Rock and R. Blatt, preprint available on the arXiv server:
arXiv:1212.0810

e "Shot-noise limited monitoring and phase locking of the motion of a single trapped
ion",
P. Bushev, G. Hétet, L. Slodi¢ka, D. Rotter, M. A. Wilson, F. Schmidt-Kaler, J.

Eschner and R. Blatt, Phys. Rev. Lett. 110, 133602 (2013)
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e "QED with a spherical mirror",
G. Hétet, L. Slodic¢ka, A. Glétzle, M. Hennrich, and R. Blatt, Phys. Rev. A 82,

063812 (2010)

e "Intensity-Field Correlation of Single-Atom Resonance Fluorescence",
S. Gerber, D. Rotter, L. Slodicka, J. Eschner, H. J. Carmichael, and R. Blatt,
Phys. Rev. Lett. 102, 183601, (2009)
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