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Abstract

This thesis reports on the generation of entanglement between two single atoms, located
in different laboratories at a distance of 21 m. The entanglement is established in the
conceptually most fundamental way—by the exchange of a single photon. High-fidelity
entanglement between one of the atoms and a single photon is efficiently generated by
employing a high-finesse optical resonator that strongly enhances the coupling between
light and matter. This enhanced coupling also facilitates the faithful mapping of the
quantum state of the photon onto the spin state of the second atom, thereby converting
the atom-photon entanglement into remote entanglement between the two atoms. The high
success probability and fidelity, and the long coherence times we achieve demonstrate that
systems based on single-emitter quantum memories in cavities are promising candidates to
form the building blocks of future quantum repeater architectures, representing a realistic
avenue towards quantum communication over arbitrary distances.

Zusammenfassung

Die vorliegende Arbeit berichtet iiber die Verschrinkung zweier Einzelatome, die sich
im Abstand von 21 m in verschiedenen Laboratorien befinden. Erzeugt wird die Ver-
schriankung auf die konzeptionell einfachste Art und Weise — durch den Austausch eines
einzelnen Photons. Der Einsatz eines optischen Resonators mit hoher Finesse ermdglicht
die effiziente Erzeugung von Verschriankung zwischen einem der Atome und einem Photon
mit hoher Fidelity. Die durch den Resonator verstéirkte Licht-Materie-Wechselwirkung
ermoglicht auch das Abspeichern des photonischen Polarisationszustandes im anderen
Atom. So wird die Atom-Photon-Verschrankung in einen verschrinkten Zustand zweier
weit von einander entfernter Atome verwandelt. Die hohe Erfolgswahrscheinlichkeit und
Fidelity des Verschrankungsprozesses sowie die langen Kohérenzzeiten zeigen, dass Sys-
teme, die auf Einzelemitter-Quantenspeichern in Resonatoren basieren, vielversprechende
Kandidanten fiir die Realisierung zukiinftiger Quantenrepeater-Architekturen darstellen,
die Quantenkommunikation iiber beliebig grofle Distanzen ermdoglichen.
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1. Introduction

Until today, entanglement has remained one of the most striking and counterintuitive fea-
tures of quantum mechanics. For Erwin Schrédinger, who coined the term ‘entanglement’
in 1935, the phenomenon was not “one but rather the characteristic trait of quantum
mechanics, the one that enforces its entire departure from classical lines of thought” [1].
Entanglement is a consequence of the superposition principle applied to composite systems
of two or more particles. In an entangled state, each particle loses its individual quantum
identity, and all information about possible measurement outcomes is contained in a global
wave function which cannot be decomposed into separate single-particle states.

Measuring the state of one particle of an entangled pair will cause the irreversible collapse
of the wave function, thereby instantaneously projecting the quantum state of the other
particle of the pair—mo matter how far it is away. This non-local character of quantum
mechanics, famously described by Einstein as “spooky action at a distance” [2], led Ein-
stein, Podolsky and Rosen to question quantum mechanics. In a seminal paper [3], they
argued that quantum mechanics is incomplete if it is assumed that no physical influence
can travel faster than the speed of light and that the properties of physical systems are
elements of reality.

Almost thirty years later, in the 1960s, John Bell and others proposed experimentally
testable conditions using entangled pairs of particles to shed light onto these questions
[4, 5, 6, 7]. Bell showed that no local realistic theory can reproduce all predictions made by
quantum mechanics, and further that the difference between these predictions is actually
measurable. His famous inequality proved that there exists an upper limit to the strengths
of observed correlations predicted by local realistic theories — a limit that is violated by the
predictions of quantum theory. The proposed tests of Bell’s inequality moved the debates
and controversies from the realm of theoretical physics out onto the experimental stage.

Not long after, the first experiments showing violations of Bell inequalities followed [8, 9,
10, 11]. In all cases, the experimental results were in convincing agreement with quan-
tum mechanics and posed strong evidence against the existence of local hidden-variable
theories, indicating that the description of reality given by the quantum mechanical wave
function can indeed be considered complete.

To date, Bell tests have been performed on a variety of systems, including entangled
photon pairs [12, 13, 14, 15], low-energy protons [16], neutral kaons [17], ions [18, 19],
different degrees of freedom of individual neutrons [20], hybrid systems [21, 22, 23], and
single atoms [24]. The final proof for the completeness of quantum mechanics, however, is
still outstanding, since all the experiments so far have required additional assumptions de-
pending on their specific construction. This makes them vulnerable to so-called loopholes
that leave room for local realistic explanations. A number of experiments have closed ei-
ther the locality or the detection loophole [13, 15, 18, 25], but the irrefutable loophole-free
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Bell test that will finally enforce local realism to be abandoned is yet to be performed.
Entangled single atoms at a distance are a strong contender for this measurement [24, 26].

Entanglement is interesting not only from this fundamental point of view. The fascina-
tion with the paradoxes of quantum mechanics eventually sparked the development of the
new field of quantum information science [27], which promises to radically improve the
acquisition, transmission, and processing of information by combining methods from clas-
sical information science with fundamental effects of quantum mechanics [28]. Quantum
information science has found its way into the mainstream of not only theoretical but also
experimental physics, where the possible applications, which may result from the increas-
ing level of control over large scale quantum systems, are currently the focus of enormous
research activity. Entanglement is a key resource of many of the applications in this field,
such as quantum computation [29] and quantum communication [30, 31, 32].

Controllable quantum systems can be used to construct a quantum computer [33], which
has the potential to solve certain problems far more efficiently than any classical com-
puter by making use of quantum superposition and entanglement [34]. Equivalently, well-
controlled quantum systems may be used to simulate the physics of other quantum systems
in a way that is intractable for classical algorithms, due to the exponential scaling of the
Hilbert space with the number of degrees of freedom of the quantum system [35, 36, 37].
Quantum cryptography provides a means for unconditionally secure exchange of infor-
mation between nodes of a quantum network with ideal source and detection [38]. The
security of the encryption is guaranteed by the laws of quantum mechanics, often relying
on the properties of entangled particles [30, 39]. Eavesdropping will not go unnoticed,
since the no-cloning theorem [40, 41] forbids a potential eavesdropper from simply inter-
cepting the message and resending a copy. However, while the encryption principle itself
is absolutely safe, its technical implementation can nevertheless be attacked [42, 43].

Even without the need for encryption, entanglement plays a central role in long distance
quantum communication. The bottleneck for communication between remote nodes of
a quantum network is the deterioration of the efficiency with the length of the channel
connecting the nodes. Optical photons are a natural choice as carriers of quantum infor-
mation, since a qubit encoded in, for instance, their polarization degree of freedom can
be transmitted over long distances with little decoherence. In an optical fiber, however,
the probability for both absorption and depolarization of a photon grows exponentially
with the length of the fiber. Hence, in a truly large-scale network with distances of hun-
dreds of kilometers between network nodes, simple point-to-point transmission of quantum
information becomes infeasible.

A possible solution to this problem is the implementation of a quantum repeater scheme
[44]. To this end, one entangles widely separated network nodes, and subsequently uses this
entanglement as a resource for quantum teleportation of the qubit to be communicated [31].
In the repeater scheme, quantum memories are located at intermediate locations between
the sender and the recipient. In a first step, adjacent memories are entangled pairwise and
in parallel using a repeat-until-success scheme. In a second step, entanglement swapping
operations are performed between these links to establish entanglement between the sender
and the receiver. In a third step, the teleportation step, the sender performs a Bell-state
measurement between his part of the entangled pair and the qubit he wants to transmit.



Finally, classical communication of the measurement result enables the recipient to recover
the qubit at his site. Using such a repeater scheme has several advantages. The information
to be transferred does not have to travel the whole distance via an error-prone channel,
but is teleported via a quantum channel generated in a heralded way. Any losses occurring
during the build-up of this channel do not affect the fidelity of the information transfer.
Most importantly, the time it takes to establish remote entanglement with a quantum
repeater scales polynomially with distance [45]. For very large distances, a quantum
repeater will therefore outperform any direct entanglement generation attempt, where the
time taken to establish entanglement increases exponentially with distance.

Consequently, the capability to efficiently and faithfully generate entanglement between
remote quantum memories is an indispensable prerequisite for any future realization of
a large-scale quantum network. The work presented in this thesis is at the heart of this
application — quantum entanglement is established between two single trapped atoms at
nodes of the prototype of an elementary quantum network.

As quantum information is naturally distributed via photons, it is essential that the nodes
of a quantum network have an efficient interface with photonic channels. Fully functional
network nodes are able to send, receive, and store quantum information reversibly and
efficiently. Ideally, they are also capable of creating entanglement between a quantum
memory at the node and a single photon. The realization of such quantum nodes poses
a major experimental challenge, and different approaches are currently being pursued.
Ensembles of gas-phase atoms are an intensely studied example [45, 46, 47], as are solid
state systems [48, 49], but the protocols for the generation of single excitations with these
systems are inherently probabilistic [50]. Other strong contenders are single particles,
such as ions [51], atoms [52, 53, 54|, quantum dots [55], color centers in diamond [56], or
impurities in silicon [57, 58]. They all allow for single-photon emission [59], quantum gate
operations [60, 61, 62], and scalability [63]. Among these possible candidates, single atoms
are very promising for future applications since they are among the physical systems with
the longest coherence times [64]. However, single emitters generally exhibit only a weak
light-matter interaction, again leading to inherently probabilistic information exchange
and very low success rates.

A seminal proposal by Cirac and collaborators [65] suggested overcoming these problems
by employing network nodes based on single emitters embedded in optical cavities. The
cavity-enhanced light-matter interaction opens up a deterministic path for the intercon-
version of quantum states between light and matter and also — as is of great importance for
the experiments presented in this thesis — for the entanglement between quantum states
of light and matter. In addition, single particles can be individually addressed, allowing
for the realization of deterministic quantum gates [61, 62].

In this thesis, I describe the theoretical and experimental framework for the entanglement
of two single atoms at a distance. Unlike all other realizations of remote entanglement
of single particles so far [24, 66, 67], which relied on entanglement-swapping, our method
of generating remote entanglement is in principle deterministic. It builds on the ability
to create entanglement between a single atom and a single photon, and the ability to
reversibly exchange a quantum state between a single photon and a single atom.

Chapter 2 focuses on our realization of a single quantum node comprising a single atom
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trapped in an optical resonator. I begin with a brief overview of the theoretical background
of photon generation and storage, and the theoretical description of entanglement, before
introducing the experimental setup. Next, the generation of single photons and atom-
photon entanglement is characterized, and the coherent storage and retrieval of a photonic
polarization quantum bit with a single-atom quantum memory is discussed. Finally, an
account is given of the attempt to collectively enhance the storage efficiency of our quantum
memory by working with a small ensemble instead of a single atom in the cavity.

The remote entanglement of two single atoms, located in independent cavity systems
in different laboratories at a distance of 21 m, is the topic of chapter 3. We establish
the entanglement by creating a photon that is entangled with the atom in laboratory A
and then storing this photon in the atom in laboratory B. The results obtained in this
experiment are compared with earlier measurements where a single atom was entangled
with a Bose-Einstein condensate.

In the concluding chapter 4, I discuss possible improvements of our setup, and the perspec-
tives of atom-cavity systems as a resource in a large-scale quantum information network.



2. An atom-cavity network node for
quantum information processing

A fundamental prerequisite for any quantum network is a quantum interconnect that
converts flying qubits into stationary qubits and vice versa. As quantum information is
naturally distributed via photons, it is essential that the nodes of a quantum network
have an efficient interface with photonic channels. Fully functional nodes should be able
to send, receive and store photonic quantum information reversibly and efficiently. Ideally,
they are also capable of creating entanglement between a quantum memory at the node
and a single photon.

This chapter is dedicated to our realization of such a universal network node, comprising
a single atom coupled to an optical cavity. The strong interaction between light and
matter provided by the cavity facilitates the efficient generation of single photons and
of atom-photon entanglement, and enables the mapping between photonic and atomic
qubits in a reversible manner. After establishing the fundamental theoretical framework
in section 2.1, I turn to the experimental implementation of our atom-cavity quantum
node and its characterization. An overview of the experimental setup and all relevant
parameters is presented in section 2.2, before the experimental results of the generation of
atom-photon entanglement and of the coherent storage of single photons in a single-atom
quantum memory are discussed in sections 2.3 and 2.4, respectively. In a detour from
experimenting with just a single atom, the storage of weak coherent pulses in an ensemble
of atoms in the cavity is explored in Sec. 2.5.

The content of this chapter has partially been published in:

Generation of single photons from an atom-cavity system.

M. Miicke, J. Bochmann, C. Hahn, A. Neuzner, C. Nolleke, A. Reiserer, G. Rempe, and
S. Ritter, Physical Review A 87, 063805 (2013)

and

An elementary quantum network of single atoms in optical cavities.

S. Ritter, C. Nolleke, C. Hahn, A. Reiserer, A. Neuzner, M. Uphoff, M. Miicke, E. Figueroa,
J. Bochmann, and G. Rempe, Nature 484, 195 (2012)

2.1. Theoretical concepts

The key element of the experiments in this thesis is the reversible conversion between
quantum states of light and matter. It is based on the dynamic control of coherent dark
states of the atom-cavity system, the theoretical background of which is introduced in
section 2.1.1. What entanglement means and how it can be quantified is the topic of
section 2.1.2.
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2.1.1. Generation and storage of single photons

The mirrors of a cavity set boundary conditions for the electro-magnetic field inside the
resonator, resulting in quantized modes. If just one mode is considered, each photon of
this mode carries the energy hwc,y. For an atom placed in this resonator, the coupling
strength between the atom and light is described by a coupling constant [68]

9(r) =\ [ ey dactt(r) = g0 () (2.1)

with the cavity mode volume V, vacuum permitivity €, the transition dipole matrix
element dge expressing the strength of the atomic transition, and a mode function v (r)
that describes the spatial variation of the electro-magnetic field inside the resonator. In
case of the T'E Myy mode, the spatial modulation of the atom-cavity coupling is given by

(r) = cos <wc—cavz> exp <_I2;—2y2> , (2.2)

where w is the waist of the cavity mode and c¢ the speed of light.

The interaction between the atom and the light field inside the cavity can be used to
efficiently create and store single photons, employing a technique called stimulated Raman
adiabatic passage (STIRAP) [52, 69, 70|, the working principle of which will be explained
in this section. The interaction between the atom and the light field inside the cavity
can be used to efficiently create and store single photons, employing a technique called
stimulated Raman adiabatic passage (STIRAP) [52, 69, 70], the working principle of which
will be explained in this section.

Consider the atom to be a three-level system with two hyperfine ground states |g) and |u)
and an excited state |e) coupled in a A-configuration, with the two transition frequencies
Weg = We — wy and wey, = we — wy (Fig. 2.1). We will initially neglect any kind of
dissipation through coupling to the environment. A quantized mode of the cavity is near-
resonant with the states |¢g) and |e) with the frequency weay and vacuum Rabi frequency
2g, and an external laser field couples the states |u) and |e) with the frequency w,. and the
control Rabi frequency Q.. Detunings from the respective atomic transitions are defined
as Ag = Wey — We and Acay = Weg — Weay- Transforming the system to the interaction
picture and employing the rotating wave approximation, one obtains the Hamiltonian of
the system [71]:

H = Hatom + Hcavity + Hint

Q)
= —h|AcOuy + Acavala + 9(0ega + aTage) + f(aeu + oue) | - (2.3)

Here oy; = |i) (f| is the population operator of an atomic state in case i = f and couples
the atomic states |i) and |f) for i # f. a' and a are the creation and annihilation
operators of a photon in the cavity, respectively. The combined state of the atom-cavity
system is a product state |x,n) with the atomic state |z) € {|g),|u),|e)}, and |n) €
{10),]1),]2),...} representing the number of quanta in the cavity. Restricting ourselves
to a subspace with at most one excitation in the cavity (n = 0, 1), and choosing the basis
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Figure 2.1.: A three-level atom with its states coupled in A-configuration by an exter-
nal laser field and the cavity. The control laser field with frequency w. and Rabi frequency Q¢
couples the atomic ground state |u) with the excited state |e). The cavity mode with frequency
Weay and vacuum Rabi frequency 2¢ couples the other ground state |g) with the excited state |e).
Ac and A,y denote the detunings of the laser field and the cavity from the respective atomic
transition.

{lg,1),|u,0),|e,0)}, one of the eigenstates of the Hamiltonian we obtain on two-photon
resonance (Ac = Acay = A) is [71]

lpo) = cos @ |u,0) —sinf |g,1). (2.4)

This state is a so-called dark state since is contains no contribution of the excited state |e),
which means that no light can be emitted via spontaneous decay. The relative amplitudes
of the states |u,0) and |g, 1) are determined by the mixing angle

Qc
tanf = % (2.5)

In the limit of vanishing Rabi frequency of the control laser, Q./2g — 0 , the dark state
is identical with state |u,0). In the other limit of large Rabi frequency €2./2g — oo, the
dark state corresponds to the state |g, 1) with exactly one photon in the cavity.

The basic idea of the STIRAP is to exploit the dark state and to drive the atom coherently
between the two ground states |u,0) and |g, 1) by varying the mixing angle 6 with time.
Depending on the starting point, this scheme can be used either to generate photons or
to store them.

So far, an idealized system was considered where any kind of dissipation was ignored. Yet,
in any real-world experiment, both the atom and the cavity couple to an external reservoir,
with rates described by = and &, respectively. The excited atomic state |e) decays to the
ground states with a rate 2. Likewise, the cavity decay leads to dissipation of the excited
states |n) to the vacuum state |0) at a rate 2k. For a successful STIRAP it is therefore
crucial that the transfer takes place adiabatically, such that the system will remain in the
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dark state at all times. One can show that adiabaticity is given if [71]

2
Lsb+ 2 (2.6)
0% 2
This condition imposes a restriction on how fast the mixing angle # and thus the control
Rabi frequency €.(t) can be changed in time. If Eq. (2.6) is not satisfied, the dark state
©o is no longer an eigenstate of the system at all times, and the excited state |e) can be
populated, which in turn can lead to spontaneous emission of a photon into free space.

Photon generation: In order to generate a single photon, one has to initialize the system
in state |u, 0), and then transfer it to state |g, 1) via a vacuum-stimulated Raman adiabatic
passage (VSTIRAP):

Qc/2g—00

lu, 0) lg,1). (2.7)

This creates a single photonic excitation of the cavity field, which, due to the cavity decay
K, is coupled out of the cavity into a well-defined free-space mode, leaving the system in
state |g,0).

Photon storage: Time-reversal of the photon generation process makes it possible to
coherently store a single photon impinging onto the cavity in a single atom [70]. This
time, the atom is prepared in state |g), and the control field is already switched on with
a Rabi-frequency (2. > 2¢g when the photon arrives such that the system is initially in
state |g,1). If now the control field decreases adiabatically, the system will undergo an
adiabatic transfer into the state |u,0)

Qc/29—>0

lg, 1) lu, 0) . (2.8)

2.1.2. Characterizing entanglement

This section gives a theoretical description of the quantum mechanical phenomenon of
entanglement. It will be restricted to bipartite entanglement, i.e. the entanglement of two
systems, which is relevant for the experiments presented later in this thesis.

The emergence of entanglement of different systems is closely related to the mathematical
concept of separability. Consider two particles A and B with Hilbert spaces H4 and Hp.
A state p from the two-particle Hilbert space H = H4 ® Hp is called separable if it can
be expressed by

p=> pipi®pP (2.9)

i

with ) . p; =1 and p; > 0 [72, 73]. Here, p{! and pP are density operators that describe
single-particle states in their respective Hilbert spaces. If and only if a state p is not
separable, it is called an entangled state.

There exist measures that allow to distinguish entangled from separable states and to
quantify to which degree a state is not separable [74, 75]. Some of them, for instance the
logarithmic negativity [76], require the experimenter to reconstruct the complete density
matrix p of the two-particle state by quantum state tomography (see e.g. [77, 78]). To
this end, one performs measurements on both particles and correlates the results obtained
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in different measurement bases (see e.g. [79, 80]). Applying the respective measure to the
density matrix then gives information about the degree of entanglement.

Reconstruction of the density matrix might seem to be the most straight-forward approach,
but it has the disadvantage of being experimentally quite cumbersome. In our case of an
entangled state of two qubits, the full tomographic reconstruction of the density matrix
requires correlation measurements in nine different combinations of bases, and a corre-
spondingly large number of experimental runs. It is reasonable if one is interested in full
information on the generated state.

A faster way is to compute the fidelity F, which expresses the overlap of the measured
state with an ideal entangled state. For the state most relevant in our experiments, the
maximally entangled Bell state |U~) = %(\@A 1) 5—I1) 4 |4) ) with the qubit basis states

{|4),|1)}, the fidelity is given by
F(w),p) = (¥ |p|¥). (2.10)

If the measured fidelity exceeds 50 %, p is not separable, and the system is in an entangled
state. A priori knowledge of the target state which is ideally prepared can be used to
construct a so-called entanglement witness VW which is a Hermitian operator with the two
defining properties [73, 81]:

e TrWp] < 0 if p is entangled
e Tr [Wp] > 0 for all separable states.

Using the witness, already a subset of measurements is enough to detect whether the state
one actually has prepared is entangled or not. Knowledge of the ideally prepared state
is essential for the construction of W, since the condition Tr Wp] < 0 is only sufficient
to prove entanglement but not necessary, meaning that for a given operator W entangled
states with Tr )Wp| > 0 may exist.

A suitable entanglement witness operator for the above mentioned |¥~) Bell state is
derived in [82, 83, 84]. Its expectation value is

1
W) = Tr Wl = 5 (Pt T Plia) + Pityty) T Plisly) T Pitat) TPy — 1) (211)

where [x), [Tx), [1y), [Ty), [42), and [1,) are the eigenvectors of the Pauli spin matrices.
This expectation value can be determined by measuring correlations in only three different,
mutually unbiased bases. Here, pj,4,), for instance, denotes the probability to measure
both qubits in the state |1;) if the individual qubits are measured in the basis {|l;), |1:)}-

(W) is related to the fidelity F via [83]

F- % — o). (2.12)

The described formalism applies to both, atomic and photonic qubits. In the experiments
presented in this thesis, the atomic qubits are detected by mapping them onto polarization
states of single photons which are subsequently detected in different polarization bases.
The atomic spin states on the Bloch sphere and the photonic polarization states on the
Poincaré sphere are treated equivalently:
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Atomic qubit Photonic qubit
Vz) |R) (right circular)
|12) |L) (left circular)
[x) = %(Hﬁ +|12)) | |H) (horizonal)
Tx) = %(Hﬁ —12)) | |V) (vertical)

1) = (1) +[1) | ID) (dingonal)

1Ty) = %(Hz) —i|12)) | |A) (antidiagonal)

Therefore, the expectation value (M) can be rewritten for polarization qubit states:

W) =Tr[Wp] = (P|H,H> +DPvyv) TP D,D) T PAA tPRR) TPLL) — 1) . (2.13)

| =

2.2. Experimental setup

The experimental setup of the single atom-cavity quantum node which is at the heart of
the experiments described in this thesis has been treated in much detail before [83, 85].
This section will therefore only give a brief overview of the current status of the experiment
and of all relevant parameters.

For all the experiments to be described, a single Rubidium atom is trapped at the center
of a Fabry-Perot-type cavity characterized by the following parameters (taken from [85]):

mirror transmissions 77 = 2 £ 0.5 ppm,
T5 =101 &= 2 ppm
radius of curvature r =5cm
mirror distance [ =495+ 2pm
mode waist  w = wy 2 = 30 pm
free spectral range FSR =303 +1GHz
cavity decay rate k/2m = 2.8 +£0.1 MHz
finesse F = 56000
round-trip loss L, = 2w/F = 113 + 2 ppm
output directionality 1y, = 89 %

The transmission coefficients were chosen asymmetrically on purpose, to ensure that pho-
tons inside the cavity will leave preferentially on one side where they can be collected
efficiently. Conversely, the mirror with the higher transmission can also be used to effi-
ciently couple single photons from a matching outside mode into the cavity.

Any experimental cycle starts with the preparation of a cloud of cold atoms in a magneto-
optical trap (MOT) outside the cavity, see (a) in Fig. 2.2. Once enough atoms are loaded,
the MOT is switched off and a far-detuned running-wave dipole trap beam (b) at 1064 nm
with its focus half-way between the region of the MOT and the cavity probabilistically
transfers some of the atoms into the cavity (c). There, the atoms are localized in a
standing wave trap formed by two counter-propagating dipole trap beams also at 1064 nm
collinear with the transfer trap and focussed down to the center of the cavity. The atoms
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rd

Figure 2.2.: Top view of the vacuum chamber with the cavity. A cloud of cold ’Rb atoms
is prepared in a magneto-optical trap (a). A far-detuned dipole trap beam (b) guides some of the
atoms into the high-finesse cavity (c). There, the atoms are quasi-permanently trapped in a 1D
optical lattice along (b). Various measurement protocols are realized by repeatedly applying laser
fields (d) and (e) to the trapped atom. Light can also be coupled into and out of the resonator
(f, g). The output mode (g) of the cavity is coupled into a single-mode fiber and directed to a
detection setup.

are cooled by transversally applied laser light near-resonant with the light-shifted atoms
(d). In a typical measurement sequence, cooling intervals alternate with intervals where
an experimental protocol is run, which is typically composed of a series of laser pulses (d
and e) or microwave pulses (not shown), e. g. for optical pumping and the generation of
single photons.

The parameters of the far-detuned standing-wave dipole trap are listed in the following
table (partially taken from [85]).

wavelength 1064 nm
Focus size (1/e? radius) 16pm
Rayleigh length 0.7 mm
Trap depth at focus 1.5 mK/W
Typical power 1.7-2.2W

A high numerical aperture objective (NA = 0.4) [85, 86] collects photons scattered by the
atoms during the cooling periods and directs them onto an EMCCD camera. The spatial
resolution of the camera of 1.3 pm does not resolve single anti-nodes of the standing wave.
However, analysis of the size and the brightness of the imaged spots allows for the detection
of single atoms and for quick reloading in case of atom loss. Based on the image analysis,
a glass plate in the beam of the standing wave trap can be tilted to apply a phase shift
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that positions the atom at the center of the cavity mode where the coupling is strongest
[87].

The number of atoms loaded into the cavity depends on the number of atoms in the
MOT, which can be controlled by the MOT duration and the intensity of the cooling and
repumping beams of the MOT. Since the loading is probabilistic, ideal settings will lead
to successful loading of a single atom in one out of three attempts, assuming poissonian
statistics. With trapping times on the order of a minute and a time of only a few seconds
to reload a single atom, duty cycles, i.e. the fraction of time where a single atom is present,
of around 80 %, have been achieved.

The length of the resonator is actively stabilized using light at 785 nm (until spring 2012)
and 770nm (since then) monitored in transmission. The frequency of the stabilization
light is chosen such that it is detuned from the desired frequency of the resonator by
an integer multiple, N, of the free spectral range. In case of the 785 nm stabilization
light, this was N = 8 (Dz line) and N = 16 (D; line), and for the light at 770 nm it is
N =17 (D3 line). In all the experiments described in this thesis, the power of the cavity
stabilization light and therefore the resulting intra-cavity trapping potential is kept very
low. With only a few 10 pK, and considering the temperature of the atoms of ~ 100 nK,
it is negligible compared to the mK trapping potential of the far-detuned trap.

A bandpass-filter is used to separate the cavity stabilization light from the signal photons
at 780 (795) nm which are efficiently coupled into a single-mode optical fiber and sent to a
detection setup consisting of two or more single photon counting modules. A combination
of waveplates and a polarizing beam splitter allows us to perform measurements in alter-
nating polarization bases. For the experiments described in the following, the efficiency
to detect a single photon after leaving the cavity through the out-coupling mirror ranged
from 18 % to 44 %, mainly limited by the quantum efficiency of the single photon counters
(0.5 — 0.6) and the coupling efficiency of the free-space mode into the single-mode fiber
(up to 0.85).

For the experimentally relevant atomic transitions 525 /5 |F = 1) <> 5P |F = 1) (D3
line, 780nm) and 525} s |F = 1) <+ 52P; 5 |F = 1) (D1 line, 795 nm), the maximum achiev-
able atom-cavity coupling is go = 27 - 5.1 MHz (D3 line) and gy = 27 - 2.3 MHz (D line),
respectively. Since the atom is not strongly confined along the cavity axis, it can move
over several nodes and anti-nodes of the cavity field, which makes the atom-cavity coupling
fluctuate over time and leads to an effective coupling of gesr =~ go/2.

The losses of the system are described by the decay of the cavity field x = 27 - 2.8 MHz,
which is dominated by output coupling of the field through the mirror with the higher
transmission, and the polarization decay rate of the excited atomic state v = 27 - 3 MHz.
For the Dy line, this puts our system in the intermediate coupling regime with a maximum
cooperativity of C' = g2/2k7y ~ 1.5. For the D; line with a cooperativity of C' ~ 0.3, we
operate in the weak to intermediate coupling regime.
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Figure 2.3.: Entanglement scheme. (a) The two possible paths of the photon generation
process lead to entanglement between the polarization of the photon and the Zeeman state of the
atom. (b) The atomic state is mapped onto the polarization of a second photon. (c) Polarization
components as seen in the laboratory frame of reference.

2.3. Generation of atom-photon entanglement

The generation of single photons via the vacuum stimulated Raman adiabatic passage
introduced in Sec. 2.1.1 is a powerful tool. Not only is our atom-cavity system one of the
most efficient on-demand photon sources [88, 89], the vSTIRAP also gives us control over
a number of important parameters of the emitted photons.

The temporal envelope of the control Rabi frequency ¢ directly controls the temporal
envelope of the photonic wave packet, allowing for photons shorter or longer in time, and,
in principle, with arbitrary shape, merely restricted by the finite x and the adiabaticity
criterion, Eq. (2.6) [90, 91]. The detuning A determines the frequency of the photons [92].
By changing A, we can tune the frequency over several tens of MHz with almost no effect
on the photon generation efficiency [89], which is essential when connecting systems that
require slightly different frequencies, e.g. two single atoms, or a single atom and a BEC
in traps causing different a.c. Stark shifts, as discussed in chapter 3. Selective coupling
of the control laser and the cavity to certain spin-states of the atom leads to pre-defined
polarizations of the emitted photons [93, 94] and, moreover, can even be used to map the
internal state of the atom onto the polarization of a single photon [70, 95]. However, for
quantum information applications, one of the most striking features is the possibility to
create entanglement between the spin state of the atom and the polarization degree of
freedom of a single emitted photon [14, 96].

To this end, the 5251/2 hyperfine ground states F' = 1 and F' = 2 of the atom are
coupled in the A configuration described in Sec. 2.1.1. The cavity is near-resonant with the
F =1« F’' =1 transition of the Ds-line (D;-line), and the control laser is on two-photon
resonance (Ac = Acay = A) with the cavity and couples the respective F =2 < F' =1
transition. To understand the principle of the entanglement protocol, the simple three-
level scheme described in Sec. 2.1.1 needs to be extended to the configuration shown in
Fig. 2.3 (a) and (b), where the internal level structure of the atom is considered.

The atom is initially prepared in state |F' = 2, mp = 0) by optical pumping, as will be
explained in Sec. 3.1.3. With the cavity axis chosen to be the quantization axis, the
m-polarized control laser beam (see Fig. 2.3) couples this state to |F’ =1, mp = 0), and
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increasing the control Rabi frequency ¢ drives an adiabatic passage resulting in the
emission of a single photon from the cavity. This passage can happen via two paths that
are equally likely and indistinguishable, see Fig. 2.3 (a). The first is the transfer of the atom
into the state |1, —1), accompanied by the emission of a |cT) photon, the second brings
the atom into state |1,+1) while a |0~) photon is emitted. The result is a superposition
of the two possible paths, which leaves the system in the maximally entangled Bell state

\I];tom®photon> = \}5 (|17 _1> ‘G+> - |1a +1> ‘0'_>) 5 (214)
with the relative phase between the terms given by the Clebsch-Gordan coefficients of the
atomic transitions involved. The photon can either be sent to a detection setup where its
polarization is projected, thereby also projecting the atomic state. Alternatively, a the
photon and the information it carries can be transmitted to another node in a quantum
network. The latter is discussed in detail in Sec. 3, but for now let us assume the photon
is immediately detected.

To verify the entanglement, the atomic state is subsequently mapped onto the polariza-
tion of a second photon, see Fig. 2.3 (b), by another m-polarized pulse from the control
laser, this time coupling the states |1,+1) «+ [1’,41). With this step, the atom-photon
entanglement is turned into an entangled state of the two photons

\II;hoton2®ph0t0H1> - \2 (e dalo™) = 1oy lo ™)) (2.15)

Both photons are guided to the detection setup, where correlation measurements in dif-
ferent polarization bases are taken.

Two figures of merit can be given for our implementation of the generation of atom-
photon entanglement and its mapping onto photon-photon entanglement. The first is the
generation efficiency, which depends on the parameters of the system, x, v, g, and therefore
the transition strength of the used atomic transition, and which is largely influenced by the
temporal amplitude of the control field and the frequency detuning A [89]. The maximum
reachable efficiency of photon generation on the D; line with a go = 2.3 MHz is smaller
than on the D line with a gy = 5.1 MHz, because of the smaller g and thus a more likely
admixture of the excited state |e) during any adiabatic passage, which is the reason why
all the early experiments in our group focused on the generation of photons on the Dy
line [71, 79, 80, 86, 97]. Comparison of the single photon generation efficiency on both
transitions with one and the same system shows that efficiencies of up to 34 % on the
D;-line and 56 % on the Ds-line can be achieved [89]. The efficiencies cited here refer to
the efficiency of generating a single photon into the mode of the cavity, 89 % of which
will leave the cavity through the outcoupling mirror. The second figure of merit is the
fidelity of the entangled state created. Since we are not able to read out the atomic state
directly, but can only map it onto the polarization of a second photon, we can solely make
a statement on the fidelity of the two-photon entangled state given in Eq. (2.15).

If the scheme is realized exactly like depicted in Fig. 2.3, one expects perfect overlap of
the created state with the |U~) Bell state. However, in the actual experiment there are
several detrimental effects that lead to a reduction of the fidelity. As will be shown below,
these effects are stronger on the Dy line than on the D; line, and to understand why, it
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Figure 2.4.: Comparison of the level schemes of the D; and Ds line. a) On the D,
line, off-resonant excitations are suppressed by the large level spacing. Population in state |1,0)
cannot be transferred by the w-polarized control-beam due to selection rules. b) The level spacing
of the excited state manifold of the D5 line is much smaller, increasing the probability to excite
off-resonant transitions via the F/ = 0 and F’ = 2 states. The spacing between the levels of the
excited state manifolds is to scale. Note that the depicted level scheme is the one of the free atom,
and that light shifts due to the dipole trap have been neglected.

is necessary to take the entire excited state manifolds of the two lines into consideration.
Fig. 2.4 contrasts the two manifolds to illustrate their benefits and possible problems. For
the Dy line, there exists only one other excited state, the |F’ = 2) state, which is, with
815 MHz, quite far detuned from the |F’ = 1) state used in the entanglement protocol. The
Do line on the other hand comprises three other exited states with detunings from the
F' =1 state of 7Z2MHz (F' = 0), 157 MHz (F’ = 2), and 267 MHz (F’ = 3), respectively
[98].

Ideally, the protocol starts by initializing the atom in the state |[F' = 2, mp = 0). In case
of imperfect optical pumping, however, some population may remain in the Zeeman states
|F'=2,mp ==42) and |F =2,mp = £1).

For the D; line, off-resonant coupling of the outer states with mprp = +2 to the excited
F’ = 2 is very unlikely due to the large detuning, so these states do not contribute to any
photon generation process. Coupling of the m-polarized control laser pulse to population
in the mp = +1 states will lead to photon emission, however, the resulting state is not the
one from Eq. (2.14) but one that leaves the atom in the state |1,0). Since the |1,0) <> |1’,0)
transition is dipole-forbidden, the attempt to map the atomic state onto the polarization
of a second photon by applying another control laser pulse will not lead to the emission of
a photon. Detection of the mapping photon, therefore, indicates a successful entanglement
event, and improved optical pumping will affect only the efficiency of the overall process.

On the D, line, the outer states with mp = £2 should still have a negligible influence
if the detuning is set such that off-resonant excitation of the |F’ = 2, mp = £2) states is
very improbable. Like on the D; line, population in mp = 4+1 will generate a photon, and
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the atom will end up in |1,0). Unlike on the D; line, however, applying a control pulse
to map the atomic state onto a second photon can here lead to the subsequent generation
of photons via off-resonant excitation of the states |0,0)" or |2,0)" after the STIRAP is
finished. If such an excitation event results in the transfer of the atom into Zeeman states
|1, £1), this can lead to yet another photon being emitted into the cavity, transferring the
atom back into the state |1,0) where the cycle begins again as long as the control laser
beam is still switched on and the atom is not lost to state F' = 2, giving rise to a train of
photons coming out of the cavity. The same holds for the case of perfect optical pumping,
where the two steps of entanglement generation and mapping of the atomic state onto
a photon end with the atom in state |1,0). The only ways to circumvent or to at least
abate this problem of off-resonant excitation is to choose a detuning A that is as far away
from the excited F’ = 0 and F’ = 2 states as possible, and to use a weak read-out pulse.
Post-selection on the arrival time of the detected mapping photon can further increase
the fidelity, since photons generated after off-resonant repumping will reach the detector
later in time than photons created in the desired way. All these considerations played a
role when searching for the optimal parameters of the experiments described in Sec. 3.
In contrast to the Dj line, where off-resonant excitation is not a problem, one faces a
trade-off on the D> line between a high fidelity on one side and the efficient read-out of
the atomic state by mapping it onto another photon on the other.

The following table lists typical values from the experiment, cf. [89, 95, 99, 100].

Dy line Dy line

detuning A

from the light-shifted | 0, i.e. on resonance | 43 MHz blue-detuned
12,0) <> |1,0) transition
efficiency of generating

a 1st photon 34% 45%
conditional efficiency of «
generating a 2nd photon 30% [83] 3%
efficiency of generatln'g 10% 1 o
an entangled photon-pair
maximum fidelity with ¥~ 96 % 94 %*

Table 2.1.: Typical efficiencies of the entanglement generation protocol on the D; and
D5 line.

*Note compromise: A stronger read-out pulse improves the efficiency of generating a second photon
to e.g. 15 % but at the same time leads to a decrease of the fidelity to 85 %.

Another deviation from the perfect scheme are circular components of the ideally -
polarized control beam, which in a real-world experiment can only be minimized but
never be entirely precluded. These components will lead to coupling between states other
than the ones desired in the entanglement scheme and can lead to the generation of pho-
tons on unintended transitions. Since these circular contributions are small compared to
the m-polarized components, any adiabatic passage or off-resonant excitation caused by
them will take place on a slower time scale, such that again post-selection on the arrival
time of the detected photons is a valid means to characterize the fidelity of the initial
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Figure 2.5.: Storage scheme. a) A single photon is coherently stored in the atom, and a qubit
encoded in its polarization is mapped onto a superposition of the |F' = 2, mp = +1) states of the
atom. b) The stored qubit is retrieved when a read-out pulse maps the atomic state back onto the
polarization state of a photon.

atom-photon entangled state.

2.4. Storage of single photons in a single-atom quantum
memory

So far in this chapter, the capabilities of an atom-cavity node to create single photons and
to generate entanglement between a single atom and a single photon have been demon-
strated. The other key ingredient for future quantum network applications is the ability
to recieve, faithfully store and re-send quantum information. In the following, I explicate
how this task, the storage and retrieval of a qubit encoded in the polarization of a single
photon, can be achieved with a single atom in a cavity.

In Section 2.1.1, the coherent mapping of a single photon onto a single atom by means
of an adiabatic passage was described. Again, the cavity and the control laser are on
two-photon resonance, with both the cavity and a photon to be stored near-resonant with
the FF = 1 ++ F’ = 1 transition, and the control laser coupling the F' = 2 <+ F' =1
transition. To map not only a photonic excitation but also a polarization qubit onto the
atom, it is again necessary to extend the simple three-level scheme to the more complicated
double A-scheme familiar from section 2.3. The implementation of the storage scheme is
illustrated in Fig. 2.5.

Initially, the atom is prepared in state |F' = 1, mp = 0), and a m-polarized control beam
with Rabi frequency Q¢ > 2g couples the states |2,+1) < |1/, £1), as illustrated in
Fig. 2.5 (a). Choosing the cavity axis as the quantization axis, a photon impinging onto
the cavity carries a qubit encoded in a superposition of o+ and ¢~ polarization:

W]photon> =« ‘0'7> + B ‘U+> (216)

with complex amplitudes o and 3, and the normalization |04]2 + |8 \2 = 1. The o* compo-
nent of the polarization couples the atomic states |1,0) <> |1/, +1). According to Eq. (2.8),
an adiabatic decrease of the control Rabi frequency Q¢ (¢) upon arrival of the photon co-
herently stores it in the atom, thereby mapping the polarization components of the photon
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onto internal states of the atom, see Fig. 2.5 (a):
aloe™)+BloT) — al2,-1)+512,+1). (2.17)

The two pathways of storing 0 ~- and o -polarized photons are indistuingishable, thus no
information about the incident polarization is gained, and the state itself and especially
the phase of the superposition state is preserved.

After a variable storage time, the qubit can be retrieved by mapping it back onto a
photon. This is done by increasing the Rabi frequency of the control laser and thus
driving a vSTIRAP as illustrated in Fig. 2.5 (b). Thereby, the atomic superposition state
is reconverted into the superposition state of the polarization components of the created
photon from Eq. (2.16).

Apart from some characteristics like the optimum frequency, the acceptance bandwidths
and the storage time, which are inherent to our implemenation, the single-atom quantum
memory is characterized by two figures of merit, the efficiency of the combined storage-
and-retrieval process, and the fidelity with which a quantum state can be written into
and read out of the memory. In the first realization of such a single-atom quantum
memory [70, 101], coherent pulses attenuated down to the single-photon level were used to
characterize the memory. Preparing the measurements of chapter 3, the characterization
measurements were repeated with true single photons provided by the second atom-cavity
system. Since a detailed description of the modus operandi of these measurements is given
in [78], I will only summarize the results also published in [78, 95].

The efficiency of the memory is determined by comparing the number of retrieved pho-
tons with the number of reference photons. The latter impinge onto the cavity, enter
the resonator, and experience losses due to absorption and transmission through the high-
reflector before they leave the cavity again through the output-coupler with an experimen-
tally determined probability [78]. Since transmission losses on the way from the cavity to
the detectors are equal for both retrieved photons and reference photons, this allows to
calculate the probability of a single photon in front of the cavity to be stored, retrieved,
and to leave the cavity through the high-transmissive mirror.

Averaging over 12 hours of data taking, the combined write-read efficiency we obtained
after a storage time of 2.5us was (10 £ 1) % [95].

The fidelity is investigated by performing quantum process tomography on the single-
atom quantum memory, as described in [78, 101]. For this tomography, we set the po-
larization of the incoming photon and compare it to that of the retrieved photon after
storage. With respect to a set of ideal input states, we measure the average fidelity to
be F = (92.2 4+ 0.4) % [95], clearly exceeding the value of 2/3 achievable by a classical
intercept and resend method [102].

This value corresponds well to the fidelity obtained in the first demonstration of the single-
atom quantum memory characterized with weak laser pulses, where an average fidelity
of 93% was observed [70, 101], but is significantly lower than the up to 98 % fidelity
reached after optimizing the process of optical pumping [78]. The difference of about five
percentage points can be explained by the relatively low rate of detected photons after
retrieval from the memory when characterizing it with true single photons. The low rate
is a result of the success probabilities of the individual steps of the protocol, including
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single-photon generation, transmission of the single photon from one cavity to the other,
storage and retrieval of the photon, and finally its detection by a single-photon counter.
This rate needs to be compared to detection events due to imperfect optical pumping
into /' = 1 and to dark-counts of the detectors, both leading to retrieved photons even
when no input pulse is present. The ratio of these detrimental events relative to events
resulting from successful storage and retrieval is measured to be 1 : 10. Assuming that the
detrimental events are randomly polarized, this explains the observed difference in fidelity
between the measurements with single photons as compared to weak coherent pulses [78].

Limiting factors for the fidelity are the non-perfect preparation of the intial state |1,0) due
to off-resonant excitations of the excited F' = 0 and F’ = 2 states of the Dy line, and again
circular components of the ideally m-polarized laser beams, both leading to deviations from
the scheme shown in Fig. 2.5. Both effects can result in preparation of the atom in the
states |1, £1). While for perfect state preparation in |1,0) and ideal storage, the atom is
transferred into a superposition of the states |2, +1), starting in the wrong state can in turn
lead to population of the other Zeeman states of the F' = 2 manifold. The polarization
of photons retrieved from these states is in general not correlated with the polarization
of the stored photons. Since the transition strength of the control field depends on the
quantum number m g, the dynamics of the photon emission process depend on the atomic
state. Numerical simulations [78] show that photons emitted from the states |2,0) and
|2, £2) have a delay compared to photons retrieved from the the states |2,+1). Like in
section 2.3, postselection on early arrival times of the read-out photons can therefore filter
out events in which the atom underwent unwanted transitions.

2.5. Storage with many atoms in a cavity

The maximum efficiency of our cavity-based quantum memory predicted by theory [103]
scales with

C

Tlmax,th = 1+C s (2.18)

where C is the cooperativity parameter. Any gain in atom-cavity coupling should therefore
lead to higher efficiencies.

While the coupling strength g for a single atom could be increased significantly by modi-
fying the setup and switching to a cavity with a smaller mode volume, the most obvious
way to boost the coupling in the current setup is to work not with just a single atom
but with an ensemble of N atoms. Thereby, one can exploit the collective enhancement
of the coupling, scaling as v/ Ng. This enhancement should lead to higher efficiencies of
the storage and retrieval processes, however at the cost of fidelity, since contributions of
irregular read-out events due to imperfect optical pumping scale linearly with the number
of atoms, which is stronger than the expected increase in efficiency with N. Since C' o< NV,
the efficiency saturates for large N.

According to the Eq. (2.18), working with 10 to 15 atoms instead of a single one could
already push the predicted maximum efficiency from around 50 % to higher than 90 %.
Even though the write-read efficiencies that we have demonstrated so far with a single
atom are systematically lower than the predicted maximum, one should still expect that
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increasing the atom number leads to a significant improvement.

While the storage scheme is in principle the same as in the single atom case, some effects are
much more pronounced due to the collective coupling. One is the normal-mode splitting
that results from the larger coupling strength, leading to the cavity becoming intransparent
on resonance and in turn to the reflection of the pulse one wants to store. The presence of
the control beam renders the cavity transparent again due to electromagnetically induced
transparency (EIT) [104]. As the linewidth of the EIT window is proportional to Q2 for
a fixed value of v/Ng, one obtains a lower limit for the control Rabi frequency €. for

incoming pulses with a certain spectral width. At the same time the group velocity of
S
upper limit for €., since we need to ramp the control beam down adiabatically before the
pulse or a too large part of it leaves the cavity again. As we are, at least at this point,
not able to reliably and reproducibly prepare an ensemble with a fixed atom number, and
since the coupling strength depends not only on the number of atoms but also on their

position relative to the cavity mode, finding optimal parameters is challenging.

the pulse inside the cavity grows with Q. as vy, = ¢/(1+ ) [83], which constitutes an

Investigating the write-read efficiency of our ensemble memory, it turns out that collective
effects, while being a virtue on the one hand, become a limiting factor on the other. For
simplicity, consider an atomic ensemble in free space, where all atoms are initially prepared
in state |1). When storing a single photon (or a weak coherent pulse), the population is
brought into a coherent superposition expressed by the Dicke state

|D(t = 0)) = \/1N > exp(ikrecr;) [11...2;... 1) (2.19)
j

During the storage process, the j-th atom is transferred from state |1) into state |2) and
picks up a differential recoil, resulting in the position-dependent phase factor exp (ikyecr;).
The differential recoil k... is acquired by the absorption of the storage photon and the
emission of a photon into the control beam.

In the time between storage and read-out, motion of the atoms leads to a change of relative
phases between the constituents of the Dicke state and to dephasing, since the motion is
thermal and therefore random. As the light of the read-out pulse couples only to the
state |D(t = 0)), the dephasing of this state results in a time-dependence of the write-read
efficiency that is determined by the number of atoms, their temperature, and the exact
geometry of the system.

In our current implementation, see Fig. 2.6, the atoms are trapped in a 1D optical lattice,
where they are strongly confined only along the direction of the trapping beam (z), whereas
their confinement along the two orthogonal axes y and z is weak and allows them to move
by several pm. The influence of the cavity stabilization light and the resulting blue-detuned
standing wave along the cavity mode is negligible. The control beam is perpendicular to
the cavity mode that carries the storage photon, and it intersects the axis of our 1D
optical lattice under a 45° angle. Thus, photons from the control beam have momentum
components both along a tightly and a weakly confined axis of the dipole trap,  and z,
respectively. A photon in the cavity mode on the other hand has a momentum component'
only along the second weakly confined axis y. During the storage process, a differential

The cavity mode function is proportional to cos(ky), and is a coherent superposition of momenta k,
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Figure 2.6.: Illustration of the geometry. Photons in the control beam (green) have momen-
tum components both along a strongly (z) and a weakly confined axis (z) of the dipole trap (red).
The cavity axis is parallel to a weakly confined axis (y).

recoil is acquired by the absorption of the storage photon and the emission of a photon
into the control beam. The recoil has therefore two possible directions, k.. = £k, — k.,
and the wavelengths of the created spin wave is ~ 780 nm/ V2.

On the timescales relevant for our experiments, the atoms move by distances comparable
to and larger than this, so it becomes clear that dephasing due to thermal motion is the
limiting factor in our ensemble approach. At a temperature of around 100 pK [85] and
with trap frequencies of 9 kHz for the weakly confined axes, an atom needs on average
5.6 1 to move 780 nm/+/2.

A simplified theoretical model, where our trapping potential and the presence of the cavity
are neglected, is derived in appendix A. It predicts a Gaussian decay of the write-read
efficiency 7, with a time-independent offset:

1 N°-N
(urdang =105 + =7 exp(—2/72)), (2.20)

where 79 accounts for finite storage efficiency at t = 0 and 7 is a function of the tem-
perature. Due to the 1/N term, the efficiency will not go down to zero for long storage
times but to a constant level determined both by the exact number of atoms and the finite
efficiency at t = 0.

Despite the simplifications made, this prediction corresponds well to our observations in
the experiment. Figure 2.7 a) shows a fit of Eq. (2.20) to our data, obtained with the
starting time ¢t = 0 as the only fixed parameter, set to coincide with the beginning of the
incoming pulse at 0.5 ps, see Fig. 2.7 b). The reduced x? of the fit is 12 and lies far
outside the 95 % confidence interval, x2,, € [0, 1.8], so its predictions should be taken with
a grain of salt. According to the fit, the maximum write-read efficiency is g = 72+ 10 %,
however at storage times impossible to realize. The atom number obtained from the fit,
12.2+ 1.4, is realistic, whereas the calculated temperature of 23 +2 uK is only a quarter of
what we expect from the spatial position spread of the atoms on the camera images [85],
clearly indicating that the model is too simplistic.

and —k,. The differential recoil is a corresponding superposition. However, only the length of k.. is
relevant for the dephasing observed here, so this superposition has no effect.
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Figure 2.7.: Comparison of photon storage in a single atom and in an ensemble of
10-15 atoms: a) A weak coherent pulse containing an average photon number of 0.5 is stored,
and the time between storage and read-out is varied. The write-read efficiency in the single-
atom measurement (blue triangles) shows no dependence on the storage time on the timescales
we investigated, whereas a strong time dependence is observed in the ensemble case (green dots).
The statistical error corresponds to the size of the symbols. Read-out events due to imperfect
optical pumping contribute less than absolute 0.3% in each data set. The green line is a fit
of Eq. (2.20). The blue line is a linear fit. b) For some of the data points, the corresponding
arrival-time distribution of the partially reflected storage pulse and the retrieved pulse is shown.

The estimated and observed dephasing time is on the order of only a few ps. Thus, it
is not much longer than both the temporal width of the pulses we store, and also of the
retrieved photons, see Fig. 2.7 b). Therefore, non-negligible dephasing occurs already
during the write process and possibly still during the read-out. However, a more detailed
experimental investigation using significantly shorter pulses is problematic because of the
increase in bandwidth of the incoming pulse and the requirement of adiabaticity for the
read-out.

Nevertheless, for very short storage times, we observe a write-read efficiency with the
atomic ensemble of up to (21.3 £ 0.2) %, which is almost twice as high as that of the
single-atom quantum memory. By impeding or slowing down the dephasing, even much
higher efficiencies at considerably longer storage times should come into reach [105]. One
solution could be to cool the atoms to much lower temperatures. The other is to confine
the atoms more strongly along the direction of the differential recoil. A different geometry
with the control beam applied along the standing wave trap (in x direction) and using
a strong intra-cavity trap, leading to a 2D optical lattice, could possibly overcome our
problem. With the current geometry, the Dicke state could be kept from dephasing by
strongly confining the atoms in a 3D optical lattice [106].



3. Remote matter-matter entanglement

The previous chapter demonstrated that a single atom coupled to an optical cavity fulfills
all the requirements posed to a fully functional network node. In this chapter, two such
nodes are combined to form the prototype of an elementary quantum network. Quantum
connectivity is achieved by the optical interactions of single atoms and single photons,
enabling the distribution of entanglement between the two network nodes by the exchange
of just a single photon.

The description of the experimental setup and protocol, and the discussion of the results
of the entanglement of two single atoms constitute the main part of this chapter. In the
remainder, a comparison is drawn to another experiment in which remote entanglement is
created between a single atom and Bose-Einstein condensate in a hybrid quantum network.

3.1. Entanglement of two single atoms at a distance

This section presents one of several experiments carried out in a close and fruitful collab-
oration of two independently operated atom-cavity experiments at MPQ, one located in
the Photon Pistol Lab, referred to as node A, and the other, node B, based in the QGate
Lab.

While I have endeavored to give a self-contained account of these joined experiments,
I occasionally take the liberty of omitting experimental details, especially those of the
coupling of the two systems, that are covered in depth in the complementary dissertation
of my colleague Christian Nolleke [78].

The content of this section has been partially published in

An elementary quantum network of single atoms in optical cavities.

S. Ritter, C. Nolleke, C. Hahn, A. Reiserer, A. Neuzner, M. Uphoff, M. Miicke, E. Figueroa,
J. Bochmann, and G. Rempe, Nature 484, 195 (2012)

3.1.1. Connecting the network nodes

The two atom-cavity experiments are run independently, but they share a common clock
(a 10 MHz signal from a hydrogen maser by courtesy of the Hénsch group), and light from
an optical frequency comb (Menlo Systems FC1550) as references, plus some classical
communication channels.

In each of the two laboratories, an FPGA-based digital pattern generator controls the
timing of the various steps of the protocol, and the data recording of the single photon
detectors. Any jitter between the digital pulses within a sequence is small compared
to temporal resolution of the detection system of 2 ns. Relative accuracy between the

23
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experimental runs in the two systems is ensured by working in a master-slave configuration
where one systems triggers the other.

The experiments are optically connected by a 60m long single-mode fiber with anti-
reflection coated end-facets. Along the path from atom A to atom B, photons will ex-
perience a change in polarization as the fiber and some of the optical components are
birefringent. However, these unwanted polarization rotations can be compensated for,
since the overall change in polarization is a unitary transformation which can easily be
counteracted using waveplates. The details of our polarization compensation are expli-
cated in [78].

3.1.2. Experimental setup

A direct comparison of the parameters of the two atom-cavity systems at nodes A and
B is given in [78]. For all pratical purposes, the two systems can be considered identical.
Figure 3.1 shows a sketch of the two systems in the configuration used to create and verify
remote entanglement. The waveplates compensating unwanted polarization rotations are
set such that, first, the polarization behind the cavity at node A matches the polarization
in front of the cavity at node B, and second, that the polarization behind each cavity is
identical with the polarization in front of the respective detection setup. A fast-moving
mirror is implemented that switches between two configurations. In the first setting, it
couples the two atom-cavity nodes and thus directs photons generated at node A to node
B, in the other it connects both cavities with their respective detection setup. A detailed
description of this mirror, a commercially available computer hard drive modified to meet
our requirements is given in [78, 107].

In both laboratories, the control laser and the cavity are on two-photon resonance, A¢c =
Acaw = A, at a detuning of A = 170 MHz from the transition of the free atom. The
a.c. Stark shifts of the relevant transitions were measured to be 120 MHz (|2, 0) <> [1,0)) at
node A, and 150 MHz (|2, £1) « |1, £1)) at node B, respectively. The effective detuning
of control laser and cavity from the atom is therefore 50 MHz (node A) and 20 MHz (node
B). The difference stems from slightly different trap depths of the far-detuned optical
dipole traps which in turn result in different a.c. Stark shifts of the atoms in the two
setups.

3.1.3. Experimental protocol

In this section, a step-by-step account is given of the experimental protocol for the gener-
ation of remote atom-atom entanglement, see Fig. 3.2.

Any experimental sequence starts with the probabilistic loading of a single atom from the
MOT into each of the two cavities. Once a single atom is present at both nodes, the
protocol is started and repeated until one of the atoms is lost.
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Figure 3.1.: Experimental setup used to create entanglement of single atoms at a
distance. A single photon (dashed green line) entangled with the atom at node A is transmitted
to the cavity at node B and coherently stored in the atom there. To verify the entanglement, the
atomic states on both sides are mapped onto the polarization of single photons (red and yellow
lines) which are evaluated by two independent detection setups 1 and 2. Waveplates (A/2, \/4)
are used to compensate for unwanted polarization rotations. MM is a fast-moving mirror that
reflects the entangled photons from node A to node B and transmits the read-out photons from
both cavities to the respective detection setups. Adapted with minor changes from [78].

Optical pumping at nodes A and B

The protocol begins with the optical pumping of both atoms into their required initial
states of the entanglement generation scheme (atom A) and the storage scheme (atom B),
respectively.

At node A, the atom is initialized in state |F' = 2, mp = 0). A m-polarized pump beam
near-resonant with the atomic F' = 2 < F’ = 2 transition of the D; line accumulates
population in the desired state, since the |2,0) < |2,0) transition is forbidden due to
dipole selection rules, see e.g. [98]. As the FF = 2 +» F’/ = 2 transition is not a closed
transition, the atom can also decay into the state F' = 1. For this reason, a m-polarized
repumping laser near-resonant with the /' =1 <+ I’ = 2 transition on the on the Dy line
is applied to transfer population in F' = 1 back into the pumping cycle.

Atom B is initialized in the |F' = 1, mp = 0) state by applying a m-polarized pump beam
resonant with the Stark shifted atomic F' =1 <+ F’ = 1 transition on the D5 line. Again,
dipole selection rules forbid the |1,0) <+ |1,0) transition and lead to accumulation of
population in the desired state. As the atom can also decay into F' = 2, a w-polarized
repumping laser near-resonant with the F' = 2 <+ F/ = 1 transition on the D5 line, and on
two-photon resonance with the cavity field is used to bring population lost to the F' = 2
state back into the pumping cycle. For more details of the pumping scheme at node B,
see [78].
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Figure 3.2.: Protocol of the remote entanglement experiment. a) Schematic of the experi-
mental sequence: Shown are the laser pulses applied at each node and the transitions they address.
The atoms are optically pumped into states |2,0) (node A) and |1, 0) (node B), respectively. Then
a photon entangled with the atom at node A is generated and coherently stored in the atom at
node B. The entanglement is verified by mapping the atomic states onto the polarization of two
photons and by performing state tomography on the photons. Before the sequence starts over, the
atoms are cooled for approximately 150 us. b)-e) Illustration of the single steps of the protocol:
b) Atom-photon entanglement is created at node A. ¢) The photon is sent to and stored in the
atom at node B. The photonic polarization state is mapped onto a superposition of Zeeman states
of the atom, thereby creating remote entanglement between the two atoms. d) The atom-atom
entangled state is preserved for up to 100ps. e) The entanglement is verified by mapping the
atomic states at each node onto the polarization state of a single photon which is subsequently
detected.
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Generation of atom-photon entanglement at node A

Following the optical pumping, a m-polarized control laser pulse coupling the F' = 2
F’ = 1 transition is applied to atom A and drives a vSTIRAP that generates a single
photon in the cavity. Ideally, this results in the entangled |¥~) Bell state of the atom and
the photon given in Equation 2.14. The photon is coupled out of the cavity and sent to
node B.

Photon storage at node B. Remote atom-atom entanglement

After optical pumping, the control laser at node B is switched on, also coupling the
F = 2 ++ F' = 1 transition. As soon as the photon from node A enters the cavity at
node B, the control Rabi frequency (¢ is decreased. During this step of the protocol, the
polarization of the incoming photon is mapped onto a superposition of the Zeeman states
|2, £1) of atom B, and thus the atom-photon entanglement is converted into entanglement
between the nodes, with the atoms in the maximally entangled |¥~) Bell state:

Vi) = \}5 (11, =1) 12, +1) = 1,41} [2, 1)) (3.1)

Read-out of the atomic states at nodes A and B

After a chosen time 7, the control fields at both nodes are ramped up again, mapping
the atomic state of each atom onto the polarization of a single photon. The polarization
states of these two photons are then measured and correlations between detection events
in different polarization bases are analyzed to determine the entanglement fidelity or to
reconstruct the density matrix of the entangled state.

3.1.4. Results
Efficiency

The success probability of generating entanglement of two single atoms at a distance is
given by the product of the probabilities of the individual steps of the protocol — the
efficiency na of generating a single photon at node A, the probability Ty, = 0.9 of this
photon to leave the cavity through the outcoupling mirror, its successful transmission to
the other cavity with probability T'4p, and the probability S to coherently store a photon
impinging onto the cavity at node B:

Peny = 77141T0utT’ABS- (32)

While the photon generation efficiency n4 and the transmission T4p can easily be deter-
mined by independent measurements, the storage efficiency S is a figure that can only be
inferred indirectly, because the method of using a reference photon as described in section
2.4 cannot be applied due to the fast-moving mirror. Instead, the storage efficiency is
calculated by relating it to quantities that are experimentally accessible, as described in
[78]. Tt is found to be 14 %.
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Quantity | Value | Meaning

NA1 0.4 | Generation efficiency of atom-photon entanglement at node A
MNA2 0.03 | Generation efficiency of a mapping photon at node A

nB 0.6 | Generation efficiency of the retrieved photon at node B

62 0.28 | Efficiency to detect an intra-cavity photon at node A,

including fiber-coupling, transmission losses, and the
quantum efficiency of the detectors

eg 0.32 | Efficiency to detect an intra-cavity photon at node B,
including fiber-coupling, transmission losses, and the
quantum efficiency of the detectors

Tout 0.9 | Outcoupling efficiency of the cavities into one single mode
TAB 0.34 | Transmission between nodes A and B, expressed as ratio

of power measured before the fiber at node A and after the
fiber at node B. Includes reflection off the fast-moving mirror
S 0.14 | Efficiency of storing a single photon at node B

Table 3.1.: Efficiencies of the individual steps of the remote entanglement experiment.

Inserting the values given in Table 3.1 into Eq. (3.2), we find a success probability for the
creation of remote entanglement of 2%. The verification process for the entanglement,
consisting of the production of one photon at each of the two nodes and their subsequent
detection, has an efficiency of 0.16 %.

While the remote-entanglement protocol is repeated at a rate of f = 5 kHz, the actual
rate of successful entanglement events is reduced by the condition that a single atom needs
to be trapped at the center of each of the two cavities. The presented data were taken
in the course of 10 hours of measurement. The combined duty cycle during that period,
i.e. the fraction of time during which single atoms were present in both experiments simul-
taneously, was measured to be D = 0.3, resulting in a rate of 30 successful entanglement
creations per second, or 3 detected events of a posteriori entanglement per minute. The
main limiting factor for the detected entanglement event rate is the low efficiency of map-
ping the atomic state of atom A onto a photon, n4o. As pointed out above, this rate is
deliberately kept low to suppress off-resonant excitations to nearby hyperfine states.

Fidelity

As previously explained, several detrimental effects lead to the emission of uncorrelated
photons during the read-out, and their evaluation cannot be avoided entirely. As this
lowers the fidelity of the entangled state of the two photons compared to that of the two
atoms before read-out, the fidelity we obtain constitutes a lower bound for the fidelity of
the atom-atom entangled state.

The reconstructed density matrix of the entangled state, with the read-out performed 7ps
after the creation of atom-atom entanglement is shown in Fig. 3.3. We find a fidelity of
F = (85 £ 1.3) % with the |¥~) Bell state, which exceeds the classical limit of 50 % and
clearly proves the existence of entanglement between the two atoms. The influence of
dark counts of the detectors, which we assume to be randomly distributed, lies within the
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Figure 3.3.: Density matrix of the entangled state. Shown is the reconstructed density
matrix, with the read-out of the atomic state performed 7pus after the creation of atom-atom
entanglement. The magnitudes of the elements of the imaginary part are < 0.03. For an ideal
|¥~) Bell state, the inner diagonal (off-diagonal) elements of the real part have the value 0.5 (-0.5),
respectively, indicating that the polarization of the detected photons is always orthogonal. The
outer elements of the real part and the complete imaginary part are zero.

statistical error of the measured fidelity.

With further post-selection that I will elaborate on in the following section, fidelities as
high as (98.7 £ 2.2) % can be achieved.

The values given for the fidelity are the unbiased estimator and the statistical standard
error. The likelihood function of Fy- is non-Gaussian.

Post-selection and its effect on efficiency and fidelity

In order to find a more realistic value for the fidelity of the created atom-atom entangled
state, we investigate the effect of post-selection of the acquired data. To this end, we
apply our knowledge about detrimental effects when evaluating the data, without changing
anything in the entanglement generation protocol itself.

The ideal Raman schemes from Figures 2.3 and 2.5 lead to the emission of single-photon
wave packets with their polarization determined by the selection rules. The temporal
envelope of the arrival time distribution of these photons is the sum of different wave
packets whose temporal shape is determined by the a.c. Stark shift experienced by the
atom at the moment of photon generation, but also by the actual transition undergone by
the atom.

Several experimental imperfections cause deviations from the ideal Raman scheme: prepa-
ration of the initial state, misaligned polarization of the control laser, and off-resonant
excitations. As described in chapter 2, these imperfections not only affect polarization
correlations, they also influence the temporal envelope of the wave packet of the emitted
photons. Imperfections are generally correlated with delayed photon emission with respect
to the ideal Raman scheme. Therefore, the contribution of the non-ideal processes to the
measured fidelity can be minimized if only those photon detection events are evaluated
that occur early in the temporal wave packet of the photon.
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The efficiencies and fidelity stated above were obtained by analyzing all read-out photons
from node A and those photons from node B arriving within a 1 ps time interval centered
around the maximum of the photon wave packet, as depicted in Fig. 3.4 a).

Considering for instance only the first 40 % of the ensemble of detected photons from node
A and the initial 20 % of the ensemble of photons from node B, the fidelity is increased
to (98.7 £ 2.2) %. Obviously, post-selection on the arrival-times of the analyzed photons
enhances the fidelity, while the reduced number of events contributing to the evaluation
leads to a decrease in efficiency, as is shown in Fig. 3.4 b) and c).

Another way of suppressing imperfections correlated with late photon emission is to tailor
the read-out process directly. This is achieved by keeping the control laser Rabi frequency
Q¢ of the read-out pulse low and applying it for a short time only. In doing so, the
read-out photon can be made to resemble the post-selected subset. This weak read-out
was used at node A, thereby optimizing for high fidelities at the expense of the efficiency
of the verification process.

Lifetime of the entangled state

The lifetime of the entangled state of the two atoms is limited by decoherence, which is
dominated by dephasing caused by uncorrelated magnetic field fluctuations on the order
of 1 mG at the two individual nodes, and position-dependent differential a.c. Stark shifts
induced by the dipole trap fields.

Depending on their orientation relative to the quantization axis of our systems, magnetic
fields have different effects on the Zeeman states carrying the information of the entan-
gled state. In the presence of a magnetic field B) parallel to the quantization axis, the
atomic states [2, £1) (|1, £1)) experience a Zeeman shift of AE = pipgrmp B), with Bohr’s
magneton up = eh/2m,, and the Landé factor gp—o = % (gp=1 = —%) Therefore, they
undergo a different time evolution, leading to the accumulation of a relative phase between
the states with mp = +1 and -1.

Magnetic fields B perpendicular to the quantization axis also lead to an energy splitting,
but the Larmor precession around the axis of the magnetic field results in a mixing of the
Zeeman states defined with respect to the quantization axis.

Applying a small magnetic guiding field By along the quantization axis of each node can
significantly reduce the dephasing due to local magnetic field fluctuations. While such a
field leads to a controlled phase evolution between the Zeeman substates, the influence
of transversal fluctuations B, is suppressed by a factor of B /2By. If guiding fields of
equal strength are applied to both nodes, the atoms remain in the entangled |¥~) Bell
state all the time, since the relative phase between the atomic qubits remains unchanged.
We have previously demonstrated that guiding fields of approximately 30 mG improve the
coherence times of the individual systems to almost 200 ps [83, 101].

For the coupled systems, with guiding fields applied in both laboratories, we observe highly
non-classical correlations between the two atoms for 100 ps. The fidelity with the |[¥™) Bell
state measured 100 ps after the entanglement creation is (56 4+ 3)% and thus two standard
deviations above the classical limit of 50 %. The observed lifetime of the entangled state
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Figure 3.4.: Post-selection on the arrival times of the detected photons. a) Integrated
arrival time histogram showing the envelopes of the mapping photons from node A and the retrieved
photons from node B. Solid lines indicate the full evaluation intervals, dashed lines intervals
selecting photons that arrived early. b) Local measurement of photon-photon entanglement at
node A without storage in node B: Plotted is the measured fidelity with the |[¥~) Bell state (black
circles), and the efficiency (blue squares) as a function of the length of the evaluation interval of
the mapping photon. Post-selection on early arrival times improves the fidelity by ~ 1.5%. A
similar effect of post-selection on the arrival time of entangling photon is not observed. ¢) Remote
entanglement measurement: The entangled state of the two atoms is mapped onto photon-photon
entanglement. The plot shows the measured fidelity with the |~ ) Bell state (black circles) and the
efficiency (orange stars) of the evaluation as a function of the length of the evaluation interval of
the read-out photon from node B. For this plot, the evaluation interval of the mapping photon was
0.8 ps long. The increase in fidelity to a value higher than in the independent local measurement
from b) could have different reasons: While we did not observe an effect of post-selection on the
entangling photon, it might still be the case that photons resulting from unwanted transitions have
properties that make them less likely to be stored, leading to them being filtered out. Another
reason could be that, in the local measurement, the atomic state is projected immediately by the
detection of the entangling photon and is subject to decoherence and dephasing until the atomic
state is mapped 7ps later. The entangled state of the two distant atoms is also read out after 7 ps,
but common noise in both atom-cavity systems during that time, however unlikely, might lead to
a higher fidelity. All quoted errors are statistical.
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Figure 3.5.: Lifetime of the entangled state of the two single atoms. Plotted is the
measured fidelity of the entangled state as a function of time between entanglement creation and
readout. The data point at 7 ps (red circle) corresponds to the density matrix shown in Fig. 3.3
and was obtained from measurements at zero magnetic field. For the measurements of the other
data points (blue squares) magnetic guiding fields of 30 mG along the cavity axis were applied at
both nodes. The offset of 50 % corresponds to the classical limit.

exceeds the entanglement creation time (1 ps for creation, transmission and storage of an
entangling photon) by two orders of magnitude.

Measurements of the fidelity for different storage times are plotted in Fig. 3.5. Note
that it is crucial for such measurements that identical guiding fields are applied in both
laboratories. A difference in the applied fields will lead to accumulation of a relative phase
between the constituents of the entangled state resulting in a rotation of the entangled
state. Such a rotation can also be introduced on purpose, as I will show in the next section.

Controlled rotation of the entangled state

Since nodes A and B are in separate physical locations, they are independently addressable
for local qubit control.

When the atoms at the two nodes are entangled, a unitary operation applied locally at just
one of the nodes changes the non-local state of both nodes without destroying the entan-
glement. Using a single initial entangled state as a resource, local qubit control therefore
allows arbitrary maximally entangled two-qubit states to be created. We demonstrate this
capability by creating the |¥+) Bell state.

The two atoms are initially prepared in the entangled |¥~) Bell state as described before.
Applying a magnetic guiding field along the quantization axis of one of the cavities (node
B) leads to the accumulation of a phase between the Zeeman substates the qubit is encoded
in, |[FF=2,mp+£1), and causes a state rotation at twice the Larmor frequency, wy =

Bopp/hgr: )
Vi) = 75 (L1 [2,41) - MWLt |1, 41y |2,-1)) . (3.3)
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Figure 3.6.: Controlled rotation of the entangled state. The non-local quantum state of
the entangled nodes is changed by locally applying a magnetic field to the atom B, while atom A
is held at zero magnetic field. For the fixed hold-time of 12.5 s, the fidelity with the |¥~) and
|[&+) Bell state (red and blue data, respectively) is plotted as a function of the applied magnetic
field. The solid lines are sine and cosine fits to guide the eye. The error bars indicate the statistical
standard error.

To observe this rotation, one can either keep the guiding field By at a fixed value and vary
the time 7 between entanglement creation and read-out of the atomic states, or vice-versa.
In Fig. 3.6, the fidelity of the created state with the [¥~) and |¥T) Bell state is plotted
as a function of the magnetic field applied to node B. The time between entanglement
creation and read-out is fixed at 12.5 ps.

We start by preparing the two atoms in the |U~) Bell state. After the hold time of
12.5ps with no magnetic fields applied at either of the nodes, we measure a fidelity of
Fy- = (79 £ 1.6) %. Using a magnetic field of 30mG at node B, the |U™) Bell state is
rotated into a |[¥) state of comparable fidelity Fg+ = (8142) %. The original |¥~) state
is recovered at a magnetic field of 60 mG and after a spin rotation of 27 with a fidelity of
(76 = 2) %. The reduced fidelity here is a result of the non-negligible Larmor precession
during the entanglement creation and read-out process, the duration of both of which is
on the order of 1 ps.

3.2. Remote entanglement between a single atom and a
Bose-Einstein condensate

Future realizations of quantum networks will not necessarily rely on identical nodes. In
fact, it is more likely that a network will comprise different elements or components not
all of which have full functionality. Instead, one can for instance think of sources of sin-
gle or possibly entangled photons with no or limited quantum memory capacity, which
are combined with other systems that have excellent memory properties but cannot gen-
erate single photons. Those quantum memories might even offer the possibility of gate
operations on one or several stored qubits [108].
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Eventually, the result could be a hybrid architecture that brings together single ions and
atoms, ensembles, quantum dots and NV centers, linear optical circuits, microwave tech-
nologies and so forth. Ideally, a future quantum network will benefit from the merits of
the different approaches, while at the same time compensating for their individual weak-
nesses. The challenge in realizing such a network lies in meeting the requirements of these
various components regarding e.g. the transition frequencies and temporal envelope of the
photons exchanged, which can significantly differ for each component.

This section explores remote entanglement in a hybrid, albeit atom based realization.
Entanglement is created between two conceptually very different systems: a single atom
in a cavity on one hand, and about a million atoms in a Bose-Einstein condensate (BEC)
on the other.

I will only give a brief summary of the results of this experiment. A more detailed discus-
sion can be found in the dissertation of my colleague Matthias Lettner [84]. The content
of this section has been partially published in

Remote Entanglement between a Single Atom and a Bose-Einstein Conden-
sate.

M. Lettner, M. Miicke, S. Riedl, C. Vo, C. Hahn, S. Baur, J. Bochmann, S. Ritter, S. Diirr,
and G. Rempe, Physical Review Letters 106, 210503 (2011)

3.2.1. Experimental protocol

The experimental protocol for the creation of entanglement between a single atom and a
BEC is almost identical with the one for the creation of entanglement between the two
single atoms, described in Sec. 3.1.3.

The first step is the creation of atom-photon entanglement, see Fig. 3.7 a). The gen-
erated photon is transferred to and coherently stored in the BEC, again with a storage
process based on the control of a coherent dark state, exploiting to the phenomenon of
electromagnetically induced transparency [109, 110]. When a single photon is stored, it
is converted into a single magnon, as shown in Fig. 3.7, b). This is a quasiparticle of a
collective spin-wave excitation on the BEC, which can be expressed by

N N
1
2, £1)gpc = N Yo+ Ixa), [T 11,0) ), (3.4)
i=1 J=Li#i
where |...); denotes the state of the ith atom in the BEC, x; and x2 are spatial wave

functions, and N is the number of atoms in the BEC. Correspondingly , the entangled
state between the single atom and the BEC is

_ 1
‘\Il >atom®BEC - E (|17 _1>at0m |2’ +1>BEC - |1’ +1>atom ‘2’ _1>BEC) : (3'5)

All atoms in the BEC participate in the collective excitation, so the single atom is entangled
with an enormous number of atoms [111].

To verify the entanglement, the matter-matter entangled state is converted into the en-
tangled state of two photons known from Eq. (2.15), which is subsequently detected.
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Figure 3.7.: Remote entanglement between a single atom and a BEC — protocol and
implementation. a) Entanglement between the single atom and a single photon is created. The
photon passes a non-polarizing 50:50 beamsplitter and is coupled into an optical fiber connecting
the atom-cavity experiment with the BEC experiment. b) By coherently storing the photon in
the BEC, entanglement between the single atom and the BEC is established. After a variable
hold time, the atomic qubits in both laboratories are mapped onto the polarization state of single
photons which are measured in independent detection setups formed by A/2 and \/4 waveplates
allowing for the detection in different polarization bases, a polarizing beam splitter (PBS), and
single photon counting modules (SPCM).

3.2.2. Experimental implementation

Even though both the atom-cavity experiment and the BEC experiment are based on
8TRb, they are fundamentally different. Finding optimal working parameters poses a
much greater challenge than in the case of the two quasi-identical atom-cavity experiments
described in Sec. 3.1.

The critical parameter is the frequency of the photon to be exchanged between the two
systems. Its choice affects the photon generation efficiency of the atom-cavity system
and the write-read efficiency of the BEC experiment alike. Optimizing the performance
of each system for stand-alone operation produces quite different values for the optimal
frequency, both on a coarse scale of D; versus Do line and on a fine scale of tens of MHz.
The compromise made in order to couple the two setups required each experiment to work
outside its optimal set of parameters.

Off-resonant photoassociation in the BEC experiment causes the atom number to decay 50
times faster when working on the Dy line compared to the Dy line. However, the photon
generation efficiency of the atom-cavity system is significantly smaller on the D; line, as
described in Sec. 2.3. In addition, the optical dipole trap which holds the single atom
shifts the atomic resonance by 130 MHz. The final compromise to work on the D; line
at a blue detuning of 70 MHz relative to the free-space resonance optimizes the overall
efficiency of the entanglement protocol. It is a tradeoff between the reduced write-read
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efficiency of the BEC and the reduced photon production efficiency of the atom-cavity
system. The resulting efficiencies are nggc = 16% and natom = 14 %.

The other big difference of this experiment compared to the coupling of the two atom-
cavity systems is the very different duty cycles, the fraction of time where data taking is
possible. Creating a BEC with a million atoms takes about 18s. Then some 10* write-read
cycles can be performed before the number of atoms N in the condensate and with it the
efficiency npgc has dropped so much that it becomes necessary to stop the sequence and
start preparing a new BEC. This results in a duty cycle of the BEC experiment alone of
only 10 %.

Loading a single atom on the other hand takes 1.4s, which includes loading the MOT,
transferring the atom to the standing-wave trap and evaluating a camera image to verify
the presence of a single atom. Since the loading process is probabilistic, the effective
loading time for a single atom is longer. The success probability of loading a single atom
per run of the BEC was measured to be 72 % [83], further diminishing the duty cycle.

Once a BEC is prepared and a single atom is present, the entanglement protocol is started
and repeated at a 10 kHz rate until the atom is lost or a new BEC needs to be prepared.
Like in the atom-atom entanglement experiment, both systems are synchronized by a
master clock, and light from a frequency comb is used as a reference.

Photons generated with the atom-cavity system are sent onto a 50:50 beamsplitter which
directs them either to a detection setup or, via a 30m long optical fiber, to the BEC
experiment. After storage and retrieval there, they are directed to a second detection
setup, see Fig. 3.7. Unwanted polarization rotations along the path of the photons are
compensated for and it is ensured that the input polarization of one detection setup
matches that of the other.

3.2.3. Results

The entanglement between the single atom and the BEC is verified a posteriori by the
analysis of polarization correlations between the photons retrieved from the atom and the
BEC.

Figure 3.8 shows the reconstructed density matrix of the two-photon state for a read-
out and mapping 1ps after the creation of remote entanglement. The measured fidelity
with the expected |¥~) Bell state is F = (95.0 &+ 3.4) %. Comparison with the fidelity
of entangled photons generated from the atom-cavity system without storage of one of
the photons in the BEC, F = (94.1 + 1.5) %, shows that the entanglement experiences
no significant degradation by the conversions in the storage and retrieval process. In that
respect, the Bose-Einstein condensate is an excellent quantum memory.

We also characterized the lifetime of the entangled state and investigated the effect of
the individual dephasing of the two subsystems. In Fig. 3.9, the measured fidelity Fy- is
plotted as a function of time. For the green data points, the atomic states in both systems
are projected onto single photons at equal times t.iom = tgrc after the creation of the
entangled state. After a lifetime of 100 ps, the fidelity is still F = (68 £ 7) % and therefore
exceeds the classical limit of 50 % by more than 2 standard deviations. For the pink and
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Figure 3.8.: Density matrix of the entangled state of the single atom and the BEC.
Shown are the real and imaginary part of the reconstructed density matrix, with the state mapping
and read-out performed 1yus after the entanglement creation. The statistical error of the matrix
elements is 0.04. The fidelity with the expected |¥~) Bell state is F = (95.0 £ 3.4) %.
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Figure 3.9.: Lifetime of the entangled state of the single atom and the BEC. Green
diamonds represent the measured fidelity of the entangled state for different read-out times t.tom =
tpec after the entanglement was established. Pink circles are the fidelity of the entangled state
of the two photons generated from the atom-cavity system without storage in the BEC. For the
orange squares, the state of the atom was mapped on a photon after ¢,io, = 1ps and the retrieval
time tpgc was varied. For better visibility, the data-points at 1pus are offset by 500 ns. The offset
of 50 % corresponds to the classical limit.



38 Remote matter-matter entanglement

orange data points, only one of the systems experiences dephasing, while the atomic state
of the other system is projected immediately.

As discussed earlier, see Sec. 3.1.4, the main reason for dephasing is local fluctuations of
the magnetic field. For the lifetime measurements depicted in Fig. 3.9, magnetic guiding
fields of 40 mG in the atom-cavity system and 100 mG in the BEC experiment were applied
along the respective quantization axes to suppress the influence of transversal magnetic
field fluctuations. From Fig. 3.9 it is obvious that the BEC is better isolated from the
disturbing influences of its surroundings than the single atom in the cavity. The reason for
this is twofold: The stronger guiding field in the BEC experiment suppresses fluctuations
of the magnetic field more strongly than in the atom-cavity system. There, a much stonger
guiding field would have been impractial, since significant Larmor precession during the
generation of a photon leads to a decrease in fidelity. In addition, in the BEC experiment
some periodic fluctuations are compensated by means of a feed forward to the guiding
field.

The main limitation of the presented experiments is the very low probability of detecting
two-photon correlations, which was typically 107% per experimental run, or one corre-
lation every seven minutes in actual measurement time. To overcome this limitation is
certainly challenging [83, 84]. Nevertheless, the possible applications of hybrid approaches
in quantum information processing, in particular the possibility to employ different con-
stituents of hybrid quantum systems in order to realize distinct functionalities, promise
that further investigation will be rewarding.



4. Conclusion and outlook

In this thesis, I have presented the entanglement of two single atoms at a distance of 21 m,
realized by the coherent exchange of a single photon. This new scheme and the enhanced
light-matter coupling achieved by placing the single atoms in optical resonators permit
unprecedented values for the efficiency of the entanglement creation and the fidelity of
the entangled state. Compared to all other remote entanglement experiments with single
particles in free space so far, which relied on entanglement swapping [24, 67], we demon-
strate an increase of five orders of magnitude in efficiency and three orders of magnitude
in success rate.

In the following, I propose potential improvements of our experimental setup, before I
discuss the prospects of single emitters in cavities for future quantum networking applica-
tions. The main limitation to the efficiency of our entanglement protocol is our moderate
atom-cavity coupling g, which affects the maximum achievable single-photon generation
and storage efficiency alike. The most straightforward way of enhancing this coupling in
the current setup is to confine the atom more strongly with respect to the cavity mode,
thereby minimizing variations in g [106]. Photon generation and storage efficiencies ap-
proaching unity may be reached by decreasing the mode volume of the cavity, for instance
by using fiber-based optical cavities [112, 113]. The efficiency of the storage process, and,
consequently, of the generation of remote entanglement, may be increased by improved
impedance matching [114]. To this end, more elaborate shaping of the temporal enve-
lope of the control laser can further minimize the amount of light reflected off the cavity.
Dismissing the virtues of single-particle network nodes regarding the efficient generation
of atom-photon entanglement, one could instead opt for an atomic ensemble collectively
coupled to the cavity mode, as this might dramatically increase the storage efficiency. In
the current setup, however, the benefit of collective strong coupling is outweighed by an-
other collective effect, namely, dephasing of the spin wave of the stored excitation, which
causes a time-dependence of the storage efficiency so strong that it is rendered impractical
to work with. This limitation should be overcome by better confinement and/or lower
temperatures of the ensemble.

The efficiency of the entanglement verification is additionally limited by the weak read-out
of the atom at node A. In the current implementation, the efficiency of the state mapping
is deliberately kept low to suppress off-resonant excitations to nearby hyperfine states.
This problem is specific to a qubit encoded in the F' = 1 manifold and could be avoided
by a local transfer of the qubit to the F' = 2 manifold, using optical Raman or microwave
pulses [106, 108]. Such a transfer could improve the efficiency of the verification step by
a factor of 20, if we assume unity transfer efficiency and our maximum photon generation
efficiency of 60% (cf. chapter 2).

In its current implementation, our entanglement scheme does not include a herald that
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signals that an attempt to create entanglement was successful. A possible implementation
could rely on cavity-assisted detection of the atomic hyperfine state [115, 116, 117]. Storing
a photon changes the hyperfine state of the atom, so one would simply test whether any
population is left in the initial state, either by detecting fluorescence or by monitoring
the cavity transmission. Due to the large ground state splitting of 8"Rb, a qubit encoded
in F' = 2 should remain undisturbed when F' = 1 is probed. Fluorescence detection
relies on photon generation on the closed F = 1 <» F' = 0 transition. It is challenging,
since one has to ensure that population remaining in F' = 1 is detected with high fidelity
before off-resonant excitation to another excited state leads to decay and therefore loss
of the atom to F' = 2, which in our current setup is expected to occur typically after
only a few scattered photons [78]. An alternative scheme relies on the fact that the cavity
transmission is largely suppressed for a strongly coupled atom. This can be used to probe
the internal state of the atom. However, only weak probing is allowed since excitation of
the system needs to be avoided. At the same time it is necessary to obtain a high-fidelity
signal within the coherence time of the qubit. While the implementation of a herald is
challenging with our current setup, it is not entirely out of reach even with current cavity
technology [108, 117], where a smaller cavity mode volume or better confinement of the
atoms with respect to the cavity mode lead to stronger atom-cavity coupling and in turn
to a higher Purcell factor.

Our cavity-based approach to quantum networking and the resulting success probabilities
constitute an important step towards the realization of large-scale quantum networks with
arbitrary topologies. Simply using classical optics, our elementary network can easily be
extended to more complex geometries. In addition, the use of cavities paves the way
towards hybrid architectures in such networks, since, at least to some extent, problems
arising from differing transition frequencies of the various systems under consideration can
be overcome. In particular, it opens up new perspectives for solid-state-based approaches
to quantum networking, such as quantum dots and color centers in diamond [118, 119,
120, 121].

The quasi-deterministic scheme for remote entanglement generation presented in this the-
sis, together with the possibility of entanglement swapping [24, 66, 67], and the ability
to perform quantum teleportation, which we have demonstrated in [100], pave the way
for long distance quantum communication. By employing single-atom registers [122], the
number of qubits per node may be increased. After creating remote atom-atom entangle-
ment following the protocol described in this thesis, the registers at different nodes could
be shifted to successively produce many sets of entangled atoms. Those could then be
used, for instance, for nested entanglement purification. In combination with the long
storage times achievable with single atoms and the potential for heralding, this possibility
represents a realistic avenue towards quantum communication over arbitrary distances by
means of a quantum repeater protocol [44]. Moreover, our experiments bring quantum
communication between atoms into a regime where the time needed for a successful en-
tanglement build-up attempt (0.2 s at a repetition rate of 5 kHz) is shorter than coherence
times observed in single atoms [123]. This is essential for any quantum repeater architec-
ture, where coherence needs to be maintained while a repeat-until-success scheme is used
to establish long-distance entanglement.



A. Effect of thermal motion on the
efficiency of storage in an atomic
ensemble

To understand the difference between storage in a single atom and storage in an ensemble,
it is necessary to review the individual steps of the storage protocol: storage, retrieval,
and especially the dark time in between. A simplified theoretical model for an atomic
ensemble in free space is derived to estimate the effect of thermal motion on the efficiency
of the memory. For the sake of convenience, the following considerations are restricted to
the atomic ground states |F' = 1) and |2) involved in the storage protocol. The conclusions
apply to the full scheme nevertheless.

Storage

Initially, all N atoms of the ensemble are prepared in the internal state |1). The state of
the ensemble can be written as

1...15) = Huj(rj) 1) (A.1)

where wu;(r;) = exp(ikjr;)/+/Vqu is the motional wave function of the j-th atom with
initial momentum k;, and V;, is the quantization volume.

The process of storing a single photon brings the population into a coherent superposition
expressed by the Dicke state

ID(t = 0)) = \/1N S explikrecrs) 121 L) (A2)

During the transfer, the j-th atom is transferred from state |1) into state |2) and picks up
a differential recoil, resulting in the position-dependent phase factor exp (ikye.rj). Above,
the following abbreviation was used:

112025 1n) = uy(ry) [25) [ Jw(ro) 110) - (A.3)
I#]

Note that <11---2j--~1N|11---2l'--1N>: JiE

Dark time

During the time between storage and read-out, each term in the sum in |D(¢)) picks up a
phase exp (—iFt/h) with energy E. If the zero of the energy is chosen in such a way that
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the internal state with exactly one excitation has zero energy, only kinetic energy remains.
The evolved state is

|D(t)) = \/%Zexp(ikmrj)11...2]-...1N>exp<—it2fn(( rec + k) +Zkl)>
J I#j

:exp(—z‘t2h rec+zkl )\/>Zexp Zkrec —’th))|11...2j...1N>
(A.4)

with v; = hk;/m. This is still a Dicke state but with a different global phase and different
relative phases between the terms.

Retrieval

The laser light of the read-out pulse couples only to the state |D(0)), and ideally the
retrieval process converts amplitude in |D(0)) completely into a retrieved state |t{per).
This retrieved state has no |F' = 2) contribution, so (¢,|D(t)) = 0 for all t. We choose
an orthonormal basis (|v1),|ve),...) with |v1) = |[tre) and |ve) = |D(0)). The time
evolution operator of the read-out ideally has the form

Uret =1 (|w7'et> < ( ’ + H. C Z |'UJ U]| (A5)
J¢1,2
The state after retrieval is therefore
Wout) = Uret |D()) = i [threr) (D(O)[D(E)) + > _ |v;) (v;|D(#)) (A.6)
j¢1,2
with (¢et|D(t)) = 0 from above.

Let Nret denote the operator for the number of retrieved photons. Then ]\Afret is diagonal
in the basis ([v1), |va),...) with eigenvalues Nye; [v;) = d;1 |v;) since all states other than
the retrieved state do not contribute retrieved photons. Hence Nyet = |tret) (Wret]- The
expectation value of the retrieved photon number is therefore

(Wout| Nyet |[Yout) = |(Wret|toout) | = [(D(0)|D(2))]*. (A7)

As we assumed exactly one incoming photon N;, = 1, the write-read efficiency is 7., =

<Nret>. Therefore ,
Nr =10 (DOID®) | (A8)

where 79 accounts for finite efficiency at ¢ = 0. The overlap of these states is

(D(O)|D(1) = exp (it m+Zkl)1Zexp<—ivjtkm>, (A.9)

and, using v,ec = fikyec/m, its modulus squared is

2
=35 (N + ) exp (wrect(kg - kl)))- (A.10)

JsLg#l

1 .
Mr = 10| 37 Z exp(—ivyectk;)
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Figure A.l.: Effect of thermal motion on the write-read efficiency: Theoretical prediction
of the time dependence for N = 12 atoms and different temperatures.

Effects of thermal averaging

We consider a thermal Boltzmann distribution, so the wave vectors of different atoms are
uncorrelated and the single-particle distribution is given by

k2
p(k]) = 711/2 eXp | — J2 (All)
(2m)1/ 20y, 20,

with the one-dimensional rms-width oy, = (m/h)\/kpT/m. Without loss of generality,
one can assume that the z axis for this integration is chosen along v,... Using

/ &k / B lyp(ke;)p (k) exp (wmt(ka - klz)) — exp ( . (akzv,«ect)2>, (A.12)

one obtains

1 N?-N
Nwr)avg = M0\ 77 T 25 €XP | — (OkzVUrec . .
(or)avg =0 (5 + 2 (Thstrect)? (A.13)
For N > 1, this results in a time- and temperature-dependent storage efficiency
1 N2?2-N 9, o AiB
= — 4+ ———exp(—t7/T ) with a 1/e time 7= ——F"—, A.14
(o) ang =0 (35 + =~z xp(~£2/7%) / = (A

where \yjp = hin/27/mkpT is the thermal de Broglie wavelength. In Fig. A.1, the time-
dependence is exemplified for several different temperatures.

For an atom number on the order of 10 to 15 atoms, one expects a decay on a time scale
governed by the temperature. Due to the 1/N term in Eq. (A.13), the efficiency will not
go down all the way to zero but will settle at a constant level determined both by the
exact number of atoms and the finite efficiency at ¢t = 0.
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