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Abstract

A quantum internet at the global scale will be comprised of quantum nodes that are linked
via quantum channels which support optical photons to bridge long distances. These
nodes thus rely on a high-efficiency and high-fidelity quantum interface to make flying
(photonic) qubits and stationary (matter) qubits interact. Single 8"Rb atoms in high-
finesse optical cavities have been one of the pioneering platforms for building these nodes as
this approach combines a well-controllable matter qubit with an excellent optical interface.
Here we evolutionize this platform by extending it to multiple individually-useable atoms
within the same cavity, which we directly make use of in two applications. In the first
application, we demonstrate a random-access qubits memory for photonic polarization
qubits, a building block analogous to classical random-access memories (RAM). We achieve
nearly independent operation of the two memories, a coherence time of up to 1 ms and
a storage-and-retrieval efficiency of 26%. We further exemplify the random-access nature
by processing up to 11 qubits. As an interlude and preparation for the second application,
we successfully investigate the extension of the coherence time of the atomic qubits via
dynamical decoupling. We achieve a coherence time of more than 20 ms in an application-
relevant scenario. Finally, and as the main result, we demonstrate a quantum repeater
for quantum key distribution. We achieve unconditional security in the most efficient
but also most difficult to realize key-distribution-scheme by beating the threshold in the
quantum bit error rate of 11%. At the same time, we reach the theoretically predicted two-
fold enhancement in rate-versus-distance scaling which highlights the repeater advantage
compared to the repeater-less direct transmission. Our demonstrations present important
achievements for the quantum information community and showcase that individual atoms
within optical cavities remain at the cutting edge of quantum science and technology.
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1. Introduction

The theoretical understanding of quantum mechanics has lead to the greatest technolog-
ical achievements of the 20" century. The currently researched application of quantum
mechanics is promised to have the same role for the 215 century.

The understanding of quantum physics started with the works of Max Planck in 1900 [1],
who introduced single quanta of energy exchange between light and matter to mathe-
matically explain the spectrum of blackbody radiation. Up to this point, light had been
regarded solely as an electromagnetic wave. This description could explain almost all
experimental observations, most notably Young’s double slit experiment [2]. Addition-
ally, Maxwell could summarize a beautiful and seemingly complete mathematical descrip-
tion [3]. While Planck considered single quanta merely a mathematical trick, the expla-
nation of the photoelectric effect by Einstein in 1905 [4] justified seeing photons, as they
were later called, as the actual smallest constituent of light. The importance of these
discoveries were soon acknowledged by awarding individual Nobel prizes to Planck [5] and
Einstein [6]. In the following decades, quantum mechanics emerged as the evolution of
Newton’s mechanics to describe light and matter on a single quantum level, driven by the
works of Bohr [7], de Broglie [8], Einstein [9], Heisenberg [10] and Schrédinger [11] among
many others.

While this research was purely fundamental physics, it also lead to the development of
new scientific tools and even impacts our everyday life, e.g. with the development of
transistors, lasers for technological and medical applications, the global positioning system
(GPS) or magnetic resonance imaging (MRI). This time period and its achievements can
be summarized as the first quantum revolution, in which an understanding of quantum
mechanics was established.

In 1982, Feynman envisioned building quantum machines, in that he realized that classical
computers will not be able to simulate the underlying quantum mechanical behavior of
complex systems in a reasonable time [12]. With this, Feynman already envisioned the
second quantum revolution, in which quantum mechanics is actively employed to build
fundamentally new devices, such as Feynman’s quantum simulator. From a broader per-
spective, the second quantum revolution can be divided into the fields of quantum com-
munication, quantum simulation, quantum sensing and quantum computation [13,14]. We
have just passed the beginning of this revolution, which is gaining more and more momen-
tum. Currently, the area attracting most publicity is quantum computing, as major tech
giants such as IBM, Google and Honeywell have demonstrated small-scale quantum com-
puters with first options of commercially using them [15-17]. But also quantum sensing
and simulation have seen great successes [18,19].

In this work, we are mostly concerned about quantum communication, which today pro-
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vides the quantum applications closest to market. This likely originates from the fact
that quantum computation relies on collective effects of many qubits while quantum com-
munication already benefits from single isolated qubits. For example, the application of
quantum key distribution (QKD), i.e. the establishment of a fundamentally secure shared
cryptographic key between two communication parties, is already enabled by the trans-
mission of single photonic qubits. This is due to the fundamentals of quantum mechanics,
as qubits cannot be intercepted without the communication parties noticing [20,21]. In
principle, these photons can use the optical communication backbone already existing
for classical communication, which further accelerates the implementation of quantum
communication. The development of quantum communication and cryptography started
already in the late 1960s with the introduction of conjugate coding and a concept for
quantum money [21]. Unfortunately, this was only recognized when Bennett and Brassard
were inspired by this work and proposed the first QKD algorithm in 1984 [22].

Largely in parallel to the application-focused research in QKD were investigations on the
fundamentals of quantum mechanics which turned out to be central to the further devel-
opment of quantum communication. In 1935, the notion of quantum entanglement was
introduced [9,23]. In 1964, Bell proposed a nonlocal interpretation for this ,spooky action
at a distance* [9]. This was quantified by Clauser et al. [24] which lead to significant
experimental tests in 1982 by Aspect and coworkers [25]. This experiment did not only
give indications for the non-locality of quantum mechanics, but it was also a strong ex-
perimental demonstration of using polarized photons as carriers of quantum information.
Based on this, Ekert merged the BB84 protocol and the fundamental test of quantum
mechanics to introduce an entanglement-based QKD algorithm [26]. At the latest starting
from that, entanglement could be considered a resource for quantum communication, and
0, long-distance entanglement distribution became a major goal of the community. This
interest was further amplified by the introduction of quantum teleportation in 1993 [27],
which allows to deterministically transport an unknown qubit via a lossy quantum channel,
given pre-shared entanglement between sender and receiver. Since then, one of the major
challenges has been to efficiently distribute entanglement between nodes of a quantum
network. The usage of entanglement is not limited to QKD or teleportation, but more
applications have been envisioned since then, which motivated the nomenclature of build-
ing a quantum internet [28,29]. For example, it can also be used for distributed quantum
computing [30-33] or for anonymous search, in which even the search engine would not
know what you searched for [34].

The core challenge to realize long-distance entanglement distribution via optical fibers is
to overcome the exponentially decaying transmission rate of single photons. The prime
candidate for this are quantum repeaters, initially introduced by Briegel et al. in 1998 [35].
Just like their classical counterpart, they allow for efficient and reliable long-distance
communication via lossy channels. Currently the vision is to build a quantum network
employing the already available fiber backbone. Chains of quantum repeaters would be
inserted into this network to connect remote quantum users. Another possibility which
has emerged recently is the transmission of optical quantum signals via satellites [36],
which do not suffer from exponentially decaying signal amplitudes. However, in classical
communications only 1 % of the transatlantic communication goes via satellites [37]. Thus
it is very likely that also in the quantum domain fiber-based communication will dominate.
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These theoretical ideas have always been an interplay with experimental physicists and
engineers pushing forward the boundary of what is technologically feasible. The foundation
for this experimental endeavor has been the realization of the laser in 1960 by Maiman [38].
Only by having available a high-intensity monochromatic source of light, the quantum
mechanical control of real and artificial atoms could be established. A following important
step was the theoretical understanding and experimental realization of the trapping and
cooling of atomic clouds [39-41], which quickly became a versatile tool in the laboratory.
Again having these possibilities at hand, they were extended to trapping and cooling of
single individual atoms, which nowadays allows to control individual atoms and photons
on the most fundamental level [42,43].

In the meantime, many different platforms for quantum communication have been es-
tablished [44]. These are mainly single neutral atoms [45,46], clouds of atoms [47, 48],
single charged ions [49], vacancy centers in diamond and other solid state systems [50].
Currently all systems have their strengths and weaknesses, so that it is yet to be decided
which one will be used in the future. Due to the broad range of possible applications
and the challenging demands on quantum systems, also a combination of those seems
possible. Independent of the specific implementation of the quantum system, many pro-
tocols in quantum communication rely on the efficient and low-noise detection of single
photons. The development of this capability started already in 1949 with photomultiplier
tubes, and has now culminated in basically deterministic, very low noise detection with
superconducting nanowire or transition edge detectors [51]. Currently these devices ne-
cessitate cryogenic temperatures for operation, so that further developments are necessary
for migrating them from the lab to the field.

With these developments, first proof of principle demonstrations of quantum networks
distributing qubits and entanglement on a hundred meter scale have been realized [46,52—
56]. Due to its weaker demands on quantum control, QKD has already found its way into
commercial realizations and fundamentally secure key distribution has been demonstrated
over hundreds of kilometers [57], where it is currently stuck.

In this work, we push forward the physical understanding and technical implementations
once again to realize quantum network and repeater nodes based on individual neutral
atoms in high-finesse optical cavities. The combination of well-controllable matter qubits
and a high-efficiency atom-photon interface enabled our group to demonstrate efficient
atom-photon entanglement generation [58] and bi-directional storage and retrieval of single
photonic qubits via a single atom [52, 59, 60]. This could be further advanced to the
heralded storage of photonic qubits [61,62] and their long-lived preservation [63]. Both
aspects will play an important role in future network nodes. So far, this platform has been
limited to the control of single atoms [45] or to collective effects of two atoms [64-66].
In contrast, other platforms have realized multi-qubit operation [67-73], but mostly in
the direction of quantum computing and simulation, thus without a highly efficient atom-
photon interface. Here we will break this limitation and develop the physics and tools to
control two atoms individually within the same high-finesse cavity. Such a multi-qubit node
has been proposed for distributed quantum computing [30-33] and for the construction
of quantum repeater nodes [35,74]. We will use the newly developed capabilities to first,
demonstrate a random-access quantum memory. Analogous to its classical counterpart,
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this can serve as a register in a quantum computer where the optical interface allows for
connecting to different systems. Second, we will demonstrate a simplified version of a
quantum repeater node, which can be used for QKD [75]. This node has the potential to
fundamentally out-perform the achievable rate using direct transmission between the two
communicating parties and thus lift the current fundamental boundaries.

The thesis is organized as follows: In Ch. 2 the experimental setup and the newly added
techniques for multi-qubit operations are introduced. These tools find their first appli-
cation in Ch. 3 describing the implementation of the random-access quantum memory.
As an interlude, Ch. 4 gives details on our findings concerning the improvement of qubit
coherence times using dynamical decoupling. This will be an important contributor to the
realization of the quantum repeater scheme for quantum key distribution, which is pre-
sented in Ch. 5. Finally, Ch. 6 gives a summary and an outlook on possible improvements
and future research opportunities.



2. Toolset for quantum communication with
two atoms in a cavity

In this chapter, we lay the theoretical and experimental foundations for the experiments
described later in this thesis. We start by giving a brief introduction to the quantum
information carriers of our choice, namely single atoms and single photons and explain
their fundamental interaction mechanism used throughout this thesis. We then detail
the experimental setup which was initially set up in 2005 [76] and continues to serve
as a state-of-the-art experiment for investigating quantum information fundamentals and
applications. The following section explains which theoretical and experimental steps are
necessary to advance this setup to more than one atom. Most importantly, we investigate
the optical addressing of individual atoms and the avoidance of cross talk between multiple
atoms via the common cavity mode. Afterwards an outlook will be given on how to scale
this setup even further.

2.1. Quantum bits

In order to encode quantum information, in its elementary form a single quantum bit
(qubit), two orthogonal states |0) and |1) are necessary. In contrast to classical bits,
where every bit either takes the state ,,0“ or ,,1“, which are also in-principle orthogonal in
that they have no overlap, quantum mechanics enables qubits to store a superposition of
|0) and |1). Any qubit can then be represented as

W) = al0) + 811) with af + |82 = 1 (2.1)

where a and  are complex numbers which contain the amplitude and phase information of
the encoded qubit. Here we used the Dirac bra-ket notation [77]. As « and f can be contin-
uous, this resembles analog computing [78]. However, there are fundamental advantages
to qubits, such as quantum entanglement, an exponentially increasing state space with
increasing qubits and the possibility of error correction. This increased capability comes
at the need of controlling quantum mechanical systems at their fundamental level. One
disadvantage is the limited timescale on which information can be stored. This timescale
is characterized by the coherence time of the qubit carrier. It can be decomposed into a
depolarization time Ty, i.e. the timescale on which population information is preserved,
and a dephasing time Tp, i.e. the timescale on which the relative phase information of the
qubits is preserved. While the latter only applies to superposition states (« - S # 0), the
former is also relevant for energy eigenstates (« - 5 = 0).

13
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Photonic qubits For single photons, the most used degrees of freedom for the implemen-
tation of |0) and |1) are either temporal modes (e.g. early and late) or different polarizations
(e.g. horizontal and vertical), both belonging to the class of dual-rail encodings. In this
thesis, the latter will be used exclusively. The following defines the photonic qubit states
used throughout this work:

. IR)
. IL)

o D)=L (R)+i|L))
o A= (R ~ilL)
o« [H=1(R) +]L))

o V)=J(R) L),

The T3 and T, times are not to be confused with the loss of single photons which is
in-principle qubit-independent. T; and T, rather give the integrity of the quantum in-
formation, i.e. its accurateness, if the photon survived. The coherence times of photonic
polarization qubits depend on the medium they travel in. Assuming the medium has no
polarization-dependent loss (PDL) and no birefringence, T1 and T, can be considered in-
finite. In our experiments, photon qubits travel either in free-space or in optical fibers.
While the former intrinsically has only little birefringence and PDL, optical fibers do ex-
hibit birefringence. As long as this birefringence is approximately constant over time, it
can be compensated by unitary polarization rotations via e.g. optical waveplates. Thus,
for the length- and timescales relevant to our experiments, photonic polarization qubits
provide a faithful encoding of quantum information.

Atomic qubits For single atoms, long-lived ground states of heavy Alkali atoms have been
proven to be good carriers of quantum information. Here, depending on the protocol, we
use different Zeeman sub-levels of the hyperfine ground states of 8Rb. As we only use long-
lived ground states of 8 Rb to encode qubits, Ti is in theory infinite for the timescales we
investigate. However, practically T3 is still limited as will be discussed in the experimental
results of this work. T, depends heavily on the specific choice of atomic states. For our
implementations, namely individual-atom memories using Zeeman sub-levels within the
same hyperfine ground-state manifold, magnetic field fluctuations are most commonly the
origin of limited coherence. This also holds for many other experiments in the Atom-
Molecular-Optics (AMO) community beyond quantum information processing. In Ch. 4
we will discuss how to go beyond these limitations.

2.2. Atom-photon interaction mechanism

Quantum electrodynamics (QED) can describe the interaction of single photons with single
atoms. Cavity-QED (CQED) extends this to the effects of confining atoms and photons
inside a cavity, thereby enhancing the interaction between single photons and single atoms
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Figure 2.1.: Cavity and STIRAP schematics. a Illustrative explanation of the relevant rates for the
atom-photon interaction inside an optical cavity. b Simplified view on the absorption or emission
of a single photon by a single atom by means of a stimulated Raman adiabatic passage (STIRAP).
¢ As there is a certain ambiguity for the definition of (g,k,7,12), we here give their definition in
typical experimental scenarios. Clockwise, the four figures show an empty-cavity transmission T as
a function of laser detuning A, the atomic excited state population P, during spontaneous decay,
the atomic population P, under Rabi-oscillations with Rabi-frequency 2 and the transmission T
of a strongly-coupled atom-cavity system.

to a level which is usable for quantum information technologies and especially quantum
communication. For an estimation of the performance of a CQED system, already three
parameters are enough to determine the most important figures of merit for a commu-
nication system, namely the efficiency 7, the fidelity F and the rate or bandwidth of
the light-matter information interaction/transfer process. These three parameters are the
light-matter coupling constant g, the cavity field decay rate x and the atomic dipole de-
cay rate v (Fig. 2.1). They can be combined in the so-called cooperativity C = g2/2x7,
which gives the ratio of the coherent interaction process g over the two incoherent decay
processes k and «. For example, the efficiency of the atom-photon interaction is closely
related to 2C/(2C +1). Thus C > 1 is a necessary condition for high-efficiency and
high-fidelity systems. At the same time, x limits the light-matter interaction bandwidth,
so that ideally one has g > k > ~.

In this thesis, the atom-cavity quantum light-matter interface will be used for two pro-
cesses. The first process is the absorption of an incoming single photon by a single atom in
a stimulated Raman adiabatic passage (STIRAP) [60,79], where the two contributors of
the Raman transition are the incoming photon field e(t) and an applied classical control
field 2 (Fig. 2.1(a & b)). If the two light-fields are in two-photon resonance, i.e. their rel-
ative detuning equals the frequency splitting of the initial state |g) and the storage state
|s), then the atom is elevated from |g) to |s). This process is in-principle independent
of the single-photon detuning A,c, i.e. the detuning of the virtual level with respect to
the atomic excited states. Both arguments also hold for the second process, the so-called
vacuum STIRAP (vSTIRAP) [80], which describes the emission of a single photon into the
cavity mode. Here, the second contributor to the Raman scheme is the vacuum field of the
cavity which gets populated during the process. Ideally, the process stops automatically
after emission of a single photon, which can be achieved by choosing a final atomic state
which is dark with respect to the applied control field, e.g. by dipole selection rules or
a large two-photon detuning. Over the last two decades, continuous theoretical and ex-
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perimental works [58,60,81-84] on the utilization of these interactions resulted in a deep
understanding of the underlying processes and the relevant experimental parameters.

There are two main results relevant for this thesis [84]: First, the efficiency is a function
of the atom-cavity detuning, n = n(A,c) with distinct minima and maxima which are well
understood. Second, there is a well-defined mode-matching relation between the classical
control field 2 and the corresponding single-photon complex-valued temporal mode e(t)
which can either be absorbed or emitted.

So far, only the absorption or emission of the energy of single photons has been discussed.
In the next sections, we will describe how these processes can be used for the processing
of quantum information.

2.2.1. Storage and retrieval of photonic qubits on and from single atoms

In order to store a photonic qubit, the two polarization modes of the absorbed photon
have to be mapped unambiguously and symmetrically onto two different atomic states.
For qubit retrieval, there has to be a reversed mapping for the emitted photon which leaves
no information on the atom, i.e. the final state of the atom is independent of the stored
qubit.

The best currently known solution for these conditions was first introduced in 2011 [60]. In

this scheme, the initial state is |F = 1, mg = 0) and the two final states are |[F =2, mg = 1)

and |F = 2, mg = —1) for R- and L-polarized photonic qubits, respectively (Fig. 2.2(a)):
store

(@|R)+ BIL)) ®]1,0) &/——= «a

retrieve

2,1) + B2, -1). (2.2)

Here we omit the vacuum component of the photonic mode on the right side of the formula.
Note that o and g stay the same, as both atomic transitions are symmetric in their
transition amplitudes, so that this common factor vanishes when normalizing the resulting
state. This of course only holds if the two-photon detuning is the same for the two
processes, which is ensured by relatively small magnetic fields and thus small Zeeman-
induced splittings. Another point which can be noticed already here, is that the initial
and final state of the atom are the same, i.e. |[F = 1, mg = 0). This is not necessary for the
qubit memory implementation, but it is useful as basically no re-initialization is necessary
once the atom was initially well-prepared, a feature which will become relevant in our
two-atom qubit memory experiments (Ch. 3). In recent experiments [84], we also found
that this process works for a large range of atom-cavity detunings A,c, which will become
necessary in avoiding cavity-induced cross talk (Sec. 2.5).

2.2.2. Entanglement generation between an atom and a photon

Single atoms in optical cavities can also be used for generating entanglement between the
atom and an emitted single photon. In this case, the atom emits a photon and, depending
on the photon polarization, ends up in one or another state. Again, the states have to
be chosen so that both polarizations have the same transition magnitude and that the
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Figure 2.2.: Overview of STIRAP processes used in this work. a Storage and retrieval of photonic
polarization qubits in the basis o* by application of a classical control beam 2. The two light-
fields are in two-photon resonance but detuned from the excited states. b Photon generation
process, in which the atomic state and the photonic polarization are entangled afterwards. All
cavity interactions used in this thesis are close to the D»-line of 87Rb.

process stops after the emission of the photon. This time however, the photon is supposed
to leave maximum information on the atom.

Following previous work from our group [58], we use the initial state |F = 2, mg = 0) and
the two storage states |[F =1, mg = 1) and |F = 1, mg = —1) which leads to the following
process (Fig. 2.2(b)):

2,0) = —= (L) [1.1) — |R)

1
7 1,-1)). (2.3)
Note, that this is one of the four maximally entangled Bell states [34], including a local 7
phase due to the same magnitude but opposite sign in transition amplitudes. The photon
generation process stops automatically after the first photon, as the initial and the final
state are in different hyperfine manifolds, so that the final two-photon detuning is Aps =
6.8 GHz. In contrast to the storage and retrieval of photonic qubits, the entanglement
generation process is not easily reversible. In order to fulfill time-reversal, only the exact
photonic qubit which had been emitted before can be absorbed. As this photon is entangled
with the atom, the state is not known unless one of the two is measured, which adds
significant experimental overhead.

In Ref. [84], we only investigated the storage and retrieval process discussed in the last
section. There, each atomic population is exactly mapped to one cavity mode, either o
or o~ . Here, the full atomic population has two modes to decay into. In the following, we
modify the original equations of Ref. [84] to adapt them to our situation:

P=—(y+il)P+igf +i0s, (2.4)
S=ilo*p.

Here, £, P and S are the amplitudes of the cavity field, the excited state and the stor-
age state, respectively. The processes are quite intuitive. The cavity field £ can either
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propagate outside with rate k, or be transferred to an atomic excited state P with rate g.
P itself either decays naturally with rate v, or back to the cavity field with rate g, or is
driven to the storage state S with the STIRAP control field 2. Now we can extend this
so that the cavity has two available modes &; »:

E12=—rKE12+ igP,
P=—(y+id)P+ig(&1+ &) +ii0S,
¢= %(51 + &),
¢ = —r¢+iV2gP,
P=—(y+iA)P+iV2g(+i3025.

(2.5)

Thus by introducing ¢ as the sum of the two cavity modes we can re-use the initial
equations by just replacing g by v/2g, which equals an effective increase in the light-
matter interaction rate and thus also increases the photon production efficiency.

2.3. Experimental setup

Figure 2.3 shows the experimental setup which was first set up in 2005 [76] and has been
advanced ever since. Thus we will only give a brief recap and highlight changes which have
been made to the setup. All depicted components are placed in a LxWxH ~ 17x 17 x9cm3
vacuum chamber with a pressure of P ~ 1071 mbar.

Table 2.1.: Cavity parameters taken form Refs. [76,85].

mirror transmissions

T1 =4+£05ppm

T> =101 4+ 2 ppm

radius of curvature

r=>5cm

mirror distance

=495+ 2 um

mode waist radius

Wy /e2 = 29.6 um

free spectral range

FSR =303+ 1GHz

cavity decay rate

k/2m = 2.7+ 0.1 MHz

finesse F = 56000
round-trip loss Ly =27/F =113 + 2 ppm

output directionality Nout = 89%

resonator quality factor Q =68 -10°

Cavity The core of the setup is a Fabry-Pérot optical resonator which allows for the
interaction of single atoms and single photons as described theoretically in the last sections.
Its core parameters are given in Table 2.1. As it directly affects the efficiency of the
single-photon production process, the cavity output directionality nout = Kout/k = 89 %,
with Kout/2m = (2.4 £ 0.1) MHz being the coupling rate via the in/out-coupling mirror
and k/2m = (2.7 £ 0.1) MHz being the total cavity decay rate, is especially important.
Additionally, Koyt will set the maximum bandwidth of all atom-photon interactions. With
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Figure 2.3.: Picture of individual-atoms-cavity setup. In the center of the image, the two mirrors
of the cavity can be seen. There are up to six beams which impinge on the atoms. (1) is the in-
and out-coupling beam of the cavity, which is used for all single-photon applications. (2) and (7)
are standing-wave traps which confine the atoms at the center of the cavity. (3) is a retro-reflected
beam used for polarization gradient cooling of the atoms and for generating fluorescence light
used for imaging of the atoms (inset). (4) is m-polarized, tightly focused and can be steered onto
individual atoms. (5) is the only classical beam which can have arbitrary polarization, while all
others pass a polarizer and waveplates before entering the vacuum chamber. The axis of (2) is also
used from the other side (not shown), from which two separate beams of different polarizations (7
and %) are applied. The waist of these beams is about wg ~ 40 um. Additionally, the depicted
hardware elements are (a) mirror for creating the magneto-optical trap (MOT), (b) 8 Rb dispenser
and (c) a coil for compensating the magnetic field induced by the current through the dispenser.

these parameters, and knowledge of the employed atomic species 8’Rb, the light-matter
interaction parameter g can already be estimated:

2w

2e0hV

g= = 27 - 5.06 MHz, (2.6)

where € is the vacuum permittivity, w/2m = 384 THz is the relevant transition frequency
of 8Rb, 119 = 1.63 - 10729 Cm is the transition dipole moment on the frequently used
transition [525; /5, F =1, mg = 0) < |5?P35,F' = 1mg = 1) [86] and V =3.42- 107 m3
is the mode volume of the cavity [85]. Experimentally, we find g/27 = (4.9 &+ 0.1) MHz,
in good agreement with the given estimation. Together with v/27 = 3.03 MHz [86], this
puts the light-matter interaction in an intermediate to strong coupling regime, and results
in a cooperativity of C = (1.47 £0.11).

A clear path to increasing g and thus also improving the efficiency would be reducing the
mode-volume V. However, having already in mind that we want to work with more than
one atom in the cavity and that the different atoms should be individually addressable
(see Sec. 2.4), the spatial atomic distance has to be larger than their transition wavelength
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[87], which in turn necessitates a cavity mode which is sufficiently large to accommodate
multiple atoms. Figure 2.4 illustrates the photon generation efficiency of a single atom at
different positions along the cavity mode waist. Due to the Gaussian envelope of the cavity
mode and thus the atom-photon interaction rate g, the efficiency decays for off-centered
atoms.
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Figure 2.4.: Cavity mode size and its impact on the photon generation efficiency. Varying the
atomic position along the waist position of the cavity results in different photon generation effi-
ciencies. a Schematic of the different atomic positions within the cavity mode. b Experimental
data for the photon click generation efficiency within this mode. The fit scales with 2C/(2C + 1)
where C o g2 and g follows a Gaussian envelope.

Atom loading and trapping For the loading and trapping of the atoms, details like the
different trap depths and the polarization of the trapping beams have been adjusted ac-
cording to the needs of the individual protocols. These will be discussed in their respective
chapters. Other than that, the loading and trapping of the atoms has not changed since
the detailed investigations by former PhD student Andreas Neuzner [85]. In summary,
a magneto optical trap (MOT) is prepared about 1cm displaced from the cavity center.
From there, atoms are guided in a far-detuned A = 1064 nm running-wave laser that trans-
ports them to the center of the cavity. At this position, the running-wave is switched to
a retro-reflected standing-wave pattern which traps the atoms along this direction. Addi-
tionally, the laser field used for stabilizing the length of the cavity (A = 772nm) is ramped
up in intensity to also form a blue-detuned, repulsive standing-wave pattern along the
cavity axis. Importantly, the externally retro-reflected standing wave along the x-axis can
be shifted by a motorized rotatable glass plate which changes the optical path length.
This allows to re-position the center-of-mass of the atoms along this axis. In contrast,
the cavity-standing-wave along the y-axis can not be shifted, so that the only option of
repositioning atoms along this axis is a ramp in intensity which should refocus the atoms
to the center of the attractive 1064 nm beam. This control of position will be the main
reason why we position multiple atoms along the x-axis instead of the y-axis. The z-axis
is only loosely confined by the envelope of the 1064 nm x-axis trap, which leaves the atoms
in a two-dimensional optical lattice. Trapping times within the lattice depend largely on
the applied experimental sequence, but are typically in the range of 5s to 20s for a single
atom. In order to load n atoms, the MOT duration is tuned to have on average more than
n atoms within the cavity. Excessive atoms can then be removed by optically heating them
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selectively via the addressing system as already performed in Ref. [85]. Obviously, this
preparation only works if the individual atoms have a distance larger than the resolution
of the addressing system, which makes the n-atom preparation only almost deterministic.

Atom imaging There are multiple reasons why we want live images of the atoms (inset
to Fig. 2.3). First, it is always impressive to show images of single individual atoms to
visitors. Second, it guarantees that the experiments are always performed with the desired
number of atoms. Third, we need to know the exact position of the atoms to program
the optical addressing system to apply light fields atom-selectively as will be discussed in
Sec. 2.4. Imaging is achieved via a high numerical aperture (NA=0.43) objective and a
low-noise electron-multiplying charge-coupled device (EMCCD) camera whose sensitivity
is mostly limited by scattered light within the apparatus. In combination, they detect the
fluorescence light which the atoms emit during Sisyphus cooling [88,89]. The cooling is
integrated within the ,physics® sequences by interleaving the two with about 50 % duty
cycle.

2.4. Addressing individual atoms with a classical laser beam

An enabling technology for the experiments presented in this thesis is the application of
light fields onto individual atoms inside the cavity mode to drive coherent and incoherent
processes atom-selectively. This is achieved with an addressing system, which was pre-
viously implemented by former PhD student Andreas Neuzner for atom shoot-out [64],
and was optimized during this thesis for the aforementioned (in-)coherent manipulation
purposes.

An overview of the optical and electronic setup is given in Fig. 2.5. The key components
are an acousto-optical deflector (AOD), whose deflection angle depends on the applied
radio frequency and a high-NA objective. The latter translates the different angles of the
AOD to different atom positions and is also used for imaging of the atoms.

The addressing beam is used to apply light fields onto atoms which are distributed along
the x-axis and centered along the cavity (y-)axis. To this end, the width of this beam along
the addressing axis should be significantly smaller than the expected atom-atom distance,
which itself is upper limited by the cavity mode size of 30 um. However, in order to be
less susceptible to mechanical drifts of the setup, it is beneficial to have the addressing
waist bigger than its theoretical minimum of 0.6 um. Here, we tuned the optical system
to have a full width at half maximum (FWHM) in intensity of about 2 um. As there is no
addressing along the cavity (y-)axis, the beam is elongated three-fold along this direction.
This allows to accept a larger range of possible atom positions resulting in a higher data
rate.

The experimental sequence for addressing individual atoms is as follows: Based on the
fluorescence images, the atoms are positioned to pre-defined trapping regions. As there is
no control on every individual atom’s position, the aiming of the addressing has to be ad-
justed to the actual exact position of the atoms. To this end, a multi-profile direct digital
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Figure 2.5.: Experimental implementation of our addressing system. Optical and electrical setup
for addressing individual atoms within the cavity. Key elements are an acousto-optical deflector
(AOD) and a high numerical aperture (NA) objective. The compensation of the AOD-RF-shift
via two preceding acousto-optical modulators (AOMSs) is necessary so that the atom always sees
the same light frequency independent of its position. All numbers indicating the beam width at a
given position denote the FWHM of the beam.

synthesizer (DDS) is used as a radio-frequency (RF) source for the AOD. The switching
between different profiles is faster than a us, while the actual re-addressing-time is limited
by the sound propagation time in the AOD to 40 us. As an AOD not only deflects the
beam, but also changes its frequency, this shift has to be pre-compensated so that the
atoms always see the same laser frequency independent of their position. To this end, a
combination of two AOMs is used, one of which is frequency-shifted simultaneously with
the AOD. Every light field applied through the addressing system to the atoms passes this
pre-compensation. Afterwards, it is guided to the cavity setup via a polarization main-
taining (PM) fiber. A combination of lenses is used to pre-condition the beam according
to the design goals described above, namely a roughly 6 um x 2 um beam along the y- and
x-axis at the position of the atoms, respectively. While it is necessary to have a large waist
at the input of the objective, care has to be taken to have a small waist at the AOD, as
typically the propagating sound wave in the crystal has inhomogeneities which can not be
avoided with a too large beam. An example of this effect is shown in Fig. 2.6(a), where
the beam intensity profile after the AOD is compared between a too large input waist and
an optimized input waist.

For experimentally determining the intensity beam profile at the position of the atoms, the
beam is focused at a fixed position while the ensemble average of single atoms randomly
samples different spatial positions. We employ laser-induced fluorescence state detection
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Figure 2.6.: Experimentally obtained addressing profile. a Beam quality measurement with a
commercial beam profiler after transpassing the AOD for two different input beam configura-
tions. b Intensity profile as seen by the atom together with a Gaussian fit indicating a FWHM of
(1.9640.04) pm. The same measurement can be used for precisely calibrating the relation between
addressed pixel and applied AOD RF frequency. The grey regions indicate the periodicity of the
underlying optical lattice, giving a reference for the width of the profile. The inset shows an image
of the final addressing beam after the AOD, taken with the EMCCD camera usually used for atom
imaging.

as the number of scattered photons picked up by the cavity and detected on a photon
counter is linear in intensity for intensities small compared to the saturation intensity [90].
The resulting profile along the addressing axis is depicted in Fig. 2.6(b), together with
a Gaussian fit which yields a FWHM of (1.96 + 0.04) um. As the system is designed so
that the atoms do not sample a significant fraction of the addressing beam along the y-
axis, we verify the asymmetry by imaging the addressing beam on the EMCCD camera
usually used for atom imaging. The result is shown in the inset of Fig. 2.6(b), where the
asymmetry of the beam is nicely visible.

2.5. Cross talk between distant atoms in the same cavity

Another potential cross talk mechanism next to the cross-illumination due to the finite
beam waist of the addressing system is the coupling of both atoms to the common cavity
mode. The challenge then lies in having a maximum efficiency and fidelity interaction
when the control field is applied to a specific atom, and having no interaction at all when
the control field is not applied. Figure 2.7(a) showcases the relevant atomic level structure
for the storage of photonic qubits on 8’Rb. A similar mechanism is present in the case of
atom-photon entanglement which will be discussed in Chapter 5.

The control field is applied atom-selectively on atom A, while atom B is dark. As both
atoms are prepared to the initial state |/) = |F =1, mg = 0), they can both interact with
the incoming photon which is close to resonance from |i) to some excited state. While atom
A undergoes a STIRAP process to store the photon, atom B can absorb the photon and
get transferred to an excited state with probability pe. Afterwards it decays spontaneously.
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This has two effects: First, the efficiency of the storage on atom A is reduced as the photon
is already absorbed by atom B, and second, atom B stores a random information which
might lead to infidelities when this atom is supposed to store some incoming qubit later
on.

One solution to reduce the incoherent scattering probability pe is increasing the atom-
cavity detuning A,.. However, this is only advantageous if the STIRAP efficiency does
not decrease the same way. Due to the thorough investigation on the STIRAP process
mentioned above, we were able to make the STIRAP efficiency almost constant over a
large range of detunings [84]. Figure 2.7(b) shows a quantitative summary of the described
processes as a function of A,c. For detunings of about 100 MHz with respect to the closest
excited state, the incoherent scattering side-channel becomes negligible.
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Figure 2.7.: Cavity cross talk mechanism. a Illustration of incoherent scattering process due to the
simultaneous coupling of both atoms to the common cavity mode. Here shown exemplary for the
photonic storage process but it also applies more generally to any cavity population. b Comparison
of incoherent and unwanted scattering on atom B with the efficiency of the STIRAP process on
atom A for different values of the atom cavity detuning A,. with respect to |F’ = 1).

A different solution, which still goes in the same direction of increasing detuning, is hiding
the atoms which are not supposed to interact with the cavity population. In the memory
case described above, one possibility would be having all atoms which are not supposed to
interact with the atom in the other hyperfine manifold, i.e. |F = 2). In this way, they are
detuned by Aps = 6.8 GHz while the desired STIRAP protocol is operated at its normal
detuning. Obviously, this would require atom-selective coherent bi-directional transfers,
such as stimulated Raman transitions, which we currently can not do with high fidelity
due to polarization and power-stability limitations.

2.6. Outlook

For scaling to more than n = 2 atoms within the same cavity, atom trapping times Tirap
have to be improved so that even Tirap/n is well above 5, an arbitrary number at which it
becomes experimentally feasible to operate the experimental setup at a satisfying data rate.
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This might be achievable with very deep dipole traps, as experiments with Strontium have
shown recently [72]. In the same direction goes the loading of multi-atom patterns, which
currently can not be performed deterministically, which further reduces the duty cycle of
the data acquisition. Recently, there have been great achievements on the deterministic
preparation of one-dimensional and even up to three-dimensional atomic patterns in free
space with the optical tweezer technique [70-72]. A combination of this approach with
our experimental setup seems feasible and will be a prominent candidate for controllably
increasing the number of atoms within the cavity mode.

One natural limit to the number of atoms within the cavity mode is the size of the mode
itself compared to the minimum distance of atoms either dictated by the addressing system
resolution or ultimately by the lattice periodicity. Quantum gas microscopes have shown,
that this ultimate limit of one atom per lattice site can indeed be reached [69]. While those
typically operate in a one- or two-dimensional fashion, there has been a demonstration of
addressing individual atoms in a three-dimensional lattice, although not yet with um
resolution [91]. One of the reasons why it is difficult to combine the aforementioned
techniques with high-finesse optical cavities is probably that there is a mismatch between
the mode volume of the cavity, which should be as small as possible for QIP applications,
and the continuously increasing number of atoms and thus size of optical lattice or tweezer
experiments. In addition, there is only limited optical access to atoms within a Fabry-Pérot
resonator. One possible solution could be distributing multiple atoms over multiple cavity
mode maxima along the cavity instead of squeezing all atoms into a single maxima [92].
Another possible solution to marry the two fields are nano-structured cavities with optical
tweezers [93]. They combine small mode volumes with many trapping sites which can be
individually addressed. However, currently these techniques are still at an infancy and do
not reach the level of control single atoms in Fabry-Pérot style cavities have reached over
the last 20 years.
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The content of this chapter has been published in:
A network-ready random-access qubits memory

S. Langenfeld, O. Morin, M. Kérber and G. Rempe,
npj Quantum Information 6, 86 (2020).

In the last chapter, we have developed the necessary tools to process quantum informa-
tion with multiple individual neutral atoms inside a high-finesse optical cavity. Here we
will make use of this toolset to experimentally demonstrate a random-access two-qubits
memory which can be used in a future quantum internet as it also in-principle allows to
perform quantum computations on the stored qubits. We will start by giving an overview
on qubit memories in general and the different evolutional steps towards a random-access
computing memory. Afterwards the theory and experimental implementation of relevant
processes new to this work will be discussed. We will then discuss the experimental results
and provide an outlook on future research opportunities.

3.1. Overview

Classical information storage is based on the measurement and repeated preparation of
individual bits. This approach does not work for quantum information, as, following the
Kopenhagen interpretation of quantum mechanics, the measurement of a quantum state
collapses the quantum mechanical wave function and thus alters the encoded informa-
tion [10]. As is also described by the no-cloning theorem [20], quantum information can
thus not be repeatedly processed or stored. This calls for the storage of quantum infor-
mation in so-called qubit memories, which faithfully preserve any quantum-mechanical
superposition state without knowledge thereof. As is the case for classical memories and
classical information processing, qubit memories are part of most protocols in quantum
communication and computation. In computation, they are typically used to first, prepare
and preserve a set of input states, and afterwards, to save a computation result. This re-
quires qubit memory implementations which fulfill the five criteria of DiVincenzo [94] and
thus enable scalable quantum computation. For quantum communication, two additional
criteria are necessary, namely to interconvert stationary and flying qubits and the ability
to transmit these flying qubits between specified locations. While the latter is achieved by
modern fiber- or satellite networks supporting optical photons as flying qubits, the former
requires a high-efficiency and faithful interface between the well-isolated stationary qubit
memory and the flying optical photons.
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Optical qubit memories provide this interface and allow for the (bi-)directional conversion
between photon and matter qubit carriers. While still most of the developed platforms
only allow for the (efficient) emission of optical photons [95], some systems are also able to
convert in both directions, which we call store-and-retrieve qubit memories [60,96-101]. As
our system falls into this most general category, we will restrict ourselves to the discussion
of this group.

The natural next step starting from single qubit memories is the extension to multimode
memories. The first and obvious advantage is the scaling to larger systems for constant
resources. The current capacity leaders are memories based on atomic frequency combs in
solid-state systems. They shape their intrinsic inhomogeneous broadening into a comb-like
absorption spectrum. Photons are then stored in a superposition of different comb-teeth
and rephase after a time given by the inverse tooth-separation. The availability of many
comb-teeth allows for the storage and retrieval of many temporal modes.

This technique offers multiple advantages. It is on-demand [102], i.e. the time of emission
can be arbitrarily chosen by transferring the population to a state outside of the comb.
It has demonstrated up to 100 modes [103] and features a coherence time of about a
millisecond [104], with further advancements in reach [105]. However, it is also intrinsically
limited to serial storage and retrieval of the qubits without the possibility to further process
the information stored in the different modes. Furthermore, the mode capacity is traded
off against optical bandwidth [106] and requires a minimum optical depth [107].

Random-access qubits memories (RAQM) mitigate the first disadvantage by providing
access to specific modes of the memory where the access-time is independent of which mode
was chosen. The first demonstration of this kind was performed recently in a segmented
magneto-optical trap of neutral atoms [101]. Acousto-optical deflectors (AODs) steer
control pulses and the photonic qubits to a specific spatial mode of the MOT where
then electromagnetically induced transparency (EIT) is used to store and retrieve the
photonic qubits. Due to the limited coherence time of 28 us, only 3 modes could be used
simultaneously, while in-principle up to 105 modes were available. While demonstrating an
important step for RAQMSs, their system design has some major flaws. First, the usage of
a MOT only allows for limited coherence times as already mentioned. Second, the precious
photonic qubit carriers have to be directed via lossy AODs, which almost fundamentally
limits the achievable efficiency. Most importantly, however, the usage of spatially separated
modes without common interaction channel misses out on many benefits achievable with

RAQMs.

These benefits are enabled by the ability to compute on- and between different qubits
stored in the RAQM, leading to what one might call computing memories. In essence, they
form the synthesis of small quantum computers and optical qubit memories, which both
sides can benefit from. For example they can be used to boost quantum communication
via error correction [35,108,109] or they can advance quantum computation by enabling
the distribution of computations onto optically-connected computing modules [31].

Although we do not demonstrate the computing aspect of this synthesis, single atoms in
optical cavities are known to feature single- and two-qubit gates as well as means to prepare
and measure qubits [45,66], which represent the universal building blocks of a small-scale
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quantum computer [94]. Here we demonstrate a random-access qubits memory in this
platform. While we currently only use two atoms and thus provide the capacity of two
qubits, this is already enough to fulfill the requirements for many protocols which rely on
the combination of computing and communication [35,108,110,111]. We believe that we
have identified and solved the obstacles which arise when transitioning from a single qubit
to multiple qubits within the same cavity. The further scaling to larger numbers of atoms
is not to be underestimated, but represents mainly a technological effort.

3.2. Performance definition and characterization

The two most important figures of merit for a qubit memory are its efficiency and fidelity
which both can be potentially storage-time dependent.

The efficiency describes the integrity of the carrier. For a qubit memory, it quantifies how
likely the combined storage-and-retrieval process is successful. Here we define it as:

Nout
= 1
i ey (3.1)

where ng,t is the average number of output photons if there were on average n;, input
photons. For ensemble-based memories, the re-emission of an excitation depends on the
collective phase of all emitters which leads to a coherence and thus storage-time-dependent
efficiency. In contrast, there is no such collective effect for single atoms in cavities which
makes the efficiency time-independent. We are interested in the performance for single-
photon qubit inputs. However, as we will describe in Sec. 3.3, for practical reasons we
use weak coherent pulses to probe the memory. As a single atom can at most absorb a
single photon, higher photon number contributions of the coherent pulse bias the obtained
efficiency to lower numbers. For our findings, this will be compensated by extrapolating
to mp — 0 [112]. Experimentally, the efficiency can be accessed by calibrating the input
photon number and then measuring the memory output with single-photon counters.

The fidelity describes how faithfully the memory preserves the encoded quantum informa-
tion during its storage time. For a given input, it is defined as the overlap between this
input and the actually received, potentially mixed, output:

F = (Vin| pout | ¥in) , (3.2)

where poyt is the density matrix describing the received output state. In principle, it
can be accessed by repeatedly probing the memory with well-known pure states |W¥i,)
and performing polarization tomography on the ensemble of output photons. For a qubit
memory, this can be simplified to only measuring the output photons along the qubit-
basis defined by the input. For example, when probing the memory with H-polarized
input qubits, only measurements in the (H,V) detection basis are necessary. The fidelity
is then given by:
NH

Fo_M™ (3.3)
ny + ny

where nyy denotes the number of clicks in the (H, V) single photon detectors.
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3.3. Experimental implementation

Atom trapping The atoms are trapped in a two-dimensional optical lattice with trapping
frequencies wirap/2m = (220, 335, 3.3) kHz along the x, y, z direction, respectively [63]. The
same trap depths were used for earlier experiments on a single-atom qubit memory, where
the trap intensities had to be as small as possible to reduce off-resonant scattering while
still trapping the atom reliably [63]. For reasons of compatibility, the same parameters
were used for the demonstration of this two-atom memory. The polarization of the trap
along the x-axis is linear, while the polarization of the trap along the cavity (y-)axis is
elliptical, as this improves the trapping of atoms at low trap depths [85]. This ellipticity
leads to a vector AC-Stark shift, which thus acts similar to a magnetic field. This shift
however depends on the overlap of the atomic wave function with the trapping light, and
thus is a function of the number of mechanical excitations along this axis, n,. As any
differential energy between the two qubit carrying atom states has to be constant, n,
has to be constant. This is easiest achieved by fixing n, = 0 by employing motional
ground-state cooling within the experimental sequence which will be discussed in the next
section.

For the two-qubit memory, two atoms have to be trapped and coupled to the common
cavity mode. As both atoms serve identical roles, they are coupled equally to the cavity
by placing them symmetrically to the cavity center. The maximum interatomic distance
is restricted by the cavity mode size while its minimum is limited by the individual-atom
addressing beam profile. These aspects will be investigated in the memory sequence itself
and are given together with the experimental results. After the two atoms are at the
desired positions, the protocol of the two-qubit memory starts, typically with a repetition
rate of 500 — 1000 Hz.

3.3.1. Single-atom memory protocol

For each individual atom, the implemented protocol follows previous work on single-atom
qubit memories in the same setup [60,63]. We will thus focus our attention on the relevant
modifications for scaling such a system to two or even more qubits per cavity. The experi-
mental sequence is divided into state preparation, the storage of photonic input states, the
(passive) waiting time and the retrieval of single photons (Fig. 3.1). This protocol allows
to characterize the most-important parameters of our qubit memory and is also close to a
realistic implementation.

State preparation The initial state of the employed protocol is |F =1, mg =0, n, = 0).
To end up in this state, a combination of Raman resolved-sideband cooling, incoherent
optical hyperfine pumping to |F = 1) and Zeeman-selective optical pumping to |mg = 0)
is applied. Zeeman selectivity is achieved by using a w-polarized beam which is close to
resonance to the transition ‘5251/2, F=1, m|:> <> ‘52P3/2, Fl=1, m|:>. As this transition
is dipole-forbidden for mg = 0, |F = 1, mg = 0) becomes a dark state so that population
accumulates there. Another dark state of this transition is any population which ends up
in ’5251 s F = 2>, as the applied light field is far-detuned. This population is repumped
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Figure 3.1.: Individual-atom qubit memory. a State preparation comnsisting of Zeeman pumper
(green), where a dashed line indicates a forbidden transition, and the repumper (purple), where
the exact transitions are not shown for clarity. The additionally necessary ground-state cooling
is described in the main text. b Absorption of an incoming single photon. The polarization
information of the photon is mapped to atomic states. ¢ During the waiting time, the atom is dark
and follows free evolution. d Generation of a single photon with encoded quantum information.

to the |F = 1) manifold by application of a combination of m- and o*-polarized beams
which couple |F = 2) to all excited manifolds }52P3 /2, F’>. This prevents the formation
of any dark state within |F =2). For cooling to the motional ground state along the
y-axis, i.e. n, = 0, Raman resolved-sideband cooling uses a combination of coherent tran-
sitions from |F =1,n,) to |F =2,n, — 1) and incoherent pumping from |F =2,n, —1)
to |F =1,n, —1). Thus, per loop, one quanta of mechanical excitation is removed from
the atom until n, = 0 is reached. To this end, we apply a total of 50 loops. The whole
preparation takes about 1ms in total.

This preparation is done for both atoms si-
multaneously using the global beams of the
atom-cavity setup. Thus, in-principle no
modification is necessary for two or more
qubit memories. However, experimentally
we found that the Rabi-frequency of the
resolved-sideband Raman transition signifi-
cantly varies along the addressing (x-)axis. To
this end, all light intensities had to be opti-
mized for the actual atomic positions which
is simplified by the symmetric positioning of
two atoms with respect to the cavity center.
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Figure 3.2.: Theoretical efficiency of the STI-
RAP process. Solid line shows efficiency in-

Absorption We use weak coherent pulses,
typically with an average photon number 7 =
1, to simulate single-photon input states to
the qubit memory. The temporal mode is

cluding the cavity escape efficiency 7o, = 0.89.
Dashed lines show the positions of the relevant
excited states |F' = {1,2,3}, mg = £1).
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shaped via an acousto-optical modulator so that the resulting intensity profile follows
a sech? profile with characteristic photon length of t., = 1 us. These pulses are sent onto
the high-transmission mirror of the optical cavity, which for historic reasons is labeled
,backprobe®. At the (known) time at which the photon enters the cavity, the control pulse
of the STIRAP is applied atom-selectively via the optical addressing system (Sec. 2.4)
which transfers the photonic qubit onto the addressed atom with a certain efficiency. Oth-
erwise the photon is reflected, absorbed or scattered and the atom is either incoherently
transferred to another state or just stays in the initial state. The intended transition is
given by

(@|R) + BIL))p @11,0), =% [2,1) + B2, ~1). (3.4)

As was introduced in Ch. 2, the efficiency of this process is a function of the atom-cavity
detuning A,, which is plotted in Fig. 3.2. The efficiency is almost constant for a wide
range of negative detunings, which allows to use it for minimizing cavity-induced cross
talk as will be described later in this chapter.

Waiting time The atoms preserve the stored qubit for a time 7. However, during that
time, atomic superposition states undergo a Larmor precession due to the applied magnetic
guiding field of §| /27 = 30 kHz, resulting in the state:

a)2,1) + B2, —1) SOUHON (it 2 1) + Be T |2, ~1). (3.5)

time

Photon retrieval For emission of a photon and thus retrieval of the stored qubit, a
vSTIRAP is used. As part of this process, a control pulse is again applied via the optical
individual-atom addressing system. The spatial intensity profile of this beam was analyzed
in Sec. 2.4. As the STIRAP is adiabatic and thus non-linear in control-field intensity, the
effective spatial beam profile relevant for the STIRAP process differs from the intensity
beam profile given earlier.

Figure 3.3 displays the analysis of the effective spatial profile of the photon generation
efficiency. As the STIRAP is also non-linear in time and saturates at some point (Fig.
3.3(a)), we analyze the profile for different cut-offs in time. Figure 3.3(b) displays the
experimentally obtained spatial profiles which are acquired similar to the intensity profile
but with single-photon production in contrast to resonance fluorescence. For the full
STIRAP duration (t. = 12 us), there is abundant control power so that even atoms which
are not at the center of the beam are saturated and efficiently emit a photon. This broadens
the overall spatial profile. In contrast, if the cut-off is too early (t. = 7 us), the process
does not reach the necessary saturation to completely transfer the excitation from atom to
photon, so that the beam profile is more narrow but the resulting efficiency is reduced. We
chose t. = 8 us as a trade-off between these two effects, which results in a relevant width
of the addressing profile of FWHM = (2.5 + 0.1) um. Note that in principle this analysis
also holds for the STIRAP employed for the storage of the input photon states. However,
this process relies on the input of photonic states so that ideally no transition is driven in
the ,saturation regime“, i.e. when there is maximum control power but no single-photon
input. Obviously this does not hold if the unaddressed atom is already in the storage
state, as the write-in control beam can also lead to a read-out of the unaddressed atom.
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Figure 3.3.: Effect of temporally cutting the STIRAP control beam on the spatial addressing
profile. a Theoretical control pulse and resulting photon for the photon generation process. b
Effective spatial profile when using the addressing beam for photon generation via a STIRAP. The
timing given in the legend corresponds to a cut-off time in part (a) at which the control pulse
is prematurely turned off. Due to saturation of the atom, the different cut-offs lead to different
effective spatial profiles. The green curve serves as a reference and is obtained via resonance
fluorescence, which does not saturate for the employed optical power and thus faithfully depicts
the spatial intensity profile.

Unfortunately, this was only realized after the project and thus remains an opportunity
for future improvements.

In summary, the atom-photon state is given by:
aeT(2,1) 4 Be 0T |2, —1) LRl (1 efT |RY 1 BT 1)), ® |1,0), . (3.6)

The information carried by the photons generated in this process is afterwards analyzed in
a single-photon polarization-resolved detection setup, which will be described in the next
section.

3.3.2. Detection and probing setup

For the characterization of the two-qubit memory performance, the atomic memories are
probed with photons of different input polarizations. After the storage time, the retrieved
photonic qubits are analyzed in a polarization tomography setup. As input and output
photons enter/leave via the same high-transmission mirror of the cavity, both photon
preparation and analysis have to be combined in a single setup, which is depicted in Fig.
3.4.

Starting from the left, photons emitted by the atom pass a 10 m optical single-mode fiber.
The varying birefringence of this fiber is compensated via a combination of three wave-
plates so that the polarization of the photons traveling from/to the atom is preserved.
Afterwards, the path is split to combine two detection setups which potentially have dif-
ferent detection bases. Each detection setup consists of motorized waveplates to change the
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Figure 3.4.: Detection setup used for two-atom memory. Two detection setups are combined with
two independent backprobes to be able to test the memories with arbitrary input combinations.

detection basis, a polarizing beamsplitter to project onto orthogonal polarizations, 780 nm
interference filters to block background light and single-photon detectors for counting pho-
tons. The backprobes are combined into one of these setups via a 99/1 beamsplitter which
allows to have maximum detection efficiency of the true single photons emitted by the
atoms while introducing additional losses to the backprobes which are only weak coherent
pulses. Thus losses will be compensated by tuning the average photon number in front
of the cavity. In a realistic application, this beamsplitter would be replaced by an optical
circulator.

3.3.3. Two-atom sequences

The qubit memory protocol is applied individually on both atoms. For two identical
atoms, the simplest access patterns for a random-access qubit memory are AwBwARBR
and AwBwBRrAR, where (Aw, Bw) are the write-in and (Ag, Br) the read-out operations
on atom A or atom B, respectively. The access-time to the individual memories is given by
the response-time of the acousto-optical deflector. The resulting limitations on the access-
patterns are illustrated in Fig. 3.5. Any switching between two atoms takes a minimum of
40 us. In addition, for the rephasing of the initially stored qubit, the readout is timed to a
multiple of the inverse precession frequency 7 = 1/20,.. This results in minimum storage
times of (96, 16) us for atom (A, B) in the AwBwBRrAR configuration and 96 us for both
atoms in the AwBwARBR configuration.

Figure 3.5(c) shows an extension of the Ay BwBRrAR scenario, where the intermediate write
and read on atom B is repeated k times, denoted Aw[Bw BR]kAR. This illustrates one of
the advantages of random-access qubit memories which already becomes apparent with as
little as two memories. One can re-use one memory while storing on the other one, usable
e.g. for synchronization tasks. This rather simple extension to many qubits is possible
because in principle no re-initialization of the memory is necessary, as the initial state of
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Figure 3.5.: Access patterns for two-qubit memory. All sequences start with a global state initial-
ization and end with atom cooling and auxiliary tasks such as power stabilization of specific beams.
a AwBwARBR, due to the minimum switching time of the AOD of 40 us, the minimum storage time
for both memories is 67, = 96 us. b AwBwBRrAR, here the minimum storage time is different for the
two atoms. If atom B is not re-addressed because it is planned from the beginning to directly read
it again, its minimum storage time is 7. = 16 us. If this is not known, the absolute timings of the
pulses do not change compared to part (a), just which atoms they address. ¢ Aw[Bw BR]"Sk* AR,
an arbitrary number k* of write-read attempts is performed on atom B during the storage time of
atom A.

our qubit memory implementation is also the final one. The limits of that will be discussed
in the experimental results.

3.4. Experimental results

3.4.1. Cross talk elimination

In order to achieve high-efficiency and high-fidelity multi-qubit memories, cross talk be-
tween the individual memories has to be avoided. We identified two main cross talk
mechanisms. First, the STIRAP control field is applied through an addressing system
with finite beam waist. Thus, depending on this waist and the atomic distance, there will
be cross-illumination. Second, both atoms are coupled to the same cavity mode. Thus,
even if the classical control field is applied perfectly, in- and outgoing photons are not
atom-selective and thus can couple to both atoms. In the following we will describe how
to mitigate these effects.
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Classical cross-illumination The addressing sys-
tem beam waist has already been discussed in Sec.
2.4 and Sec. 3.3.1. The only free parameter to op-
timize the unwanted cross-illumination is thus to
vary the distance between neighboring atoms. Here
we will use the qubit memory protocol itself to
evaluate the introduced cross talk. We utilize the
AwBwARBR sequence with minimum storage time
and circular polarization qubits. Atom A and atom
B are probed with orthogonal input qubits (R,L)
to maximally highlight any cross talk between the
two memories. Figure 3.6 shows the fidelity and
efficiency of atom A for a range of interatomic dis-
tances. For the maximum distances, fidelity and
efficiency are in the range known from single-atom
experiments, namely > 90 % fidelity and ~ 25 % ef-
ficiency. For intermediate distances, the fidelity and
efficiency stay at this level with irregularities which
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Figure 3.6.: Minimum interatomic dis-
tance for low cross-illumination. De-
picted is the efficiency and fidelity of
atom A in the AwBwARBR access pat-
tern, probed with orthogonal circular
polarizations.

we attribute to statistical fluctuations. For distances below about 4 um, the fidelity de-
creases significantly. At the same time, the error bar of the acquired data increases as the
two atoms become less distinguishable which results in a less frequent preparation suc-
cess. Both effects are linked as they originate from the limited resolution of the addressing
and imaging system. Based on this, we only use atomic patterns where the interatomic

distance is at least 6 um.
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Figure 3.7.: Single-photon detuning for low cross talk. a Markov model to track possible outcomes

of the memory operation. xyw and xg denote the detuning-

dependent scattering probability of the

unaddressed atom for the write-in and read-out, respectively. b Experimental results and obtained
theory curve for impact of cavity-induced cross talk on fidelity and efficiency of atom A.
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Cavity-induced cross talk The cross talk via the common cavity mode has already been
discussed in general in Sec. 2.5. Here we use the qubit memory protocol to analyze this
effect quantitatively and decide on experimental parameters for its implementation. Figure
3.7(a) gives the model which was used to estimate how this effect translates to an impact
on the fidelity.

We again use sequence AywBwARBr with minimum storage time and orthogonal circular
input qubits for the two atoms. Figure 3.7(b) shows the infidelity and relative efficiency
of atom A for different atom-cavity detunings A,c, which is defined with respect to the
transition |F = 1, mg = 0) <> |F' = 1, mg = 1). For small negative detunings, the infidelity
is high and the relative efficiency is low. This is according to expectation as there is a
high probability that the unaddressed atom interacts with the cavity population. With
increasing negative detunings, this probability decreases while the STIRAP efficiency stays
about constant [84]. As a consequence, the infidelity becomes negligible for a detuning
of Asc/2m = —100MHz for which we experimentally obtained an incoherent scattering
probability per input photon of only (0.15 4+ 0.01) % and a coherent STIRAP write-in
efficiency of (38 & 3)%. The experimental results are well-matched by the according
theoretical model (Fig. 3.7(a)). Finally, we set A,c/2m = —100 MHz for all experiments
presented in the following. Using even larger detunings does not gain much in fidelity and
requires significantly more and well-stabilized optical power of the control beam.

Cross talk summary In order to characterize how well these cross talk mechanisms are
suppressed, we now probe the qubit memories with different inputs and with different
access patterns. Table 3.1 summarizes the obtained results. We use a combination of
parallel and orthogonal circular input qubits to investigate whether there is any population
exchange between the two memories. As the achieved fidelity equals the single-atom
performance [63] independent on whether orthogonal or parallel inputs were used, we
conclude that there is no noticeable population cross talk. The same analysis is done for
phase cross talk with linear, i.e. superposition, inputs. Here we set the write-in time of
atom B so that the qubit which is already stored in atom A has rephased to its initial
state. This ensures that orthogonally polarized input qubits are still orthogonal when they
are stored on the two different atoms. Again, there is no significant difference between
orthogonal or parallel inputs which signals the independent operation of the two memories.
Note that the fidelity of atom A in the AwBwBRAR pattern is reduced by about 2 %. This
is due to the limited coherence time of the memory in combination with the longer storage

Table 3.1.: Summarizing the two-qubit performance. Fidelity in percent for two access patterns
and four polarization combinations. In the AywBwAgrBgr scheme, the storage times are 133 us for
both atoms while in the AwBwBRrARr scheme they are (183, 83) us for atom A and B, respectively.

AwBwWARBR AwBwBRAR
input pol. atom A atom B atom A atom B
IRy, |IR)g 97.0+£0.7 96.8+0.6 97.2+04 97.3+0.3
IR)A. L)y 97.8+£0.6 96.4+04 97.0+03 98.1+05
|H)o ., |H)g 95.4£13 933+14 921+09 943+£1.2
[H)o [V)g 945+12 952+14 921+12 946+138
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time of atom A in this pattern. The coherence time of our qubits memory implementation
will be discussed in the next section.

In the analysis described so far, the storage and emission for both atoms was probabilistic,
i.e. not all of the storage attempts were successful. When postselecting on a retrieved
photon for both memories, i.e. heralding the success of storage and retrieval, the average
fidelity as defined in Table 3.1 on average increases by 0.6 %. While this is within error,
it also makes sense intuitively that the fidelity increases as the relative probability of
excitation of the wrong atom decreases.

3.4.2. Efficiency

The fidelity is sensitive to even small admixtures of the wrong polarization input. This
is not the case for the efficiency. Thus the efficiency is less prone to cross talk. Due to
the development of more advanced theory in the meantime, it even surpasses the single-
atom performance and reaches (26 + 3)%. This already includes the slightly reduced
efficiency of atoms which are not perfectly centered in the cavity mode (see also Fig.
2.4). Following the theoretical description in Sec. 3.3.1, the expected store-and-retrieve
efficiency is 0.69% = 0.48 at A,./27m = —100 MHz. We test the photon emission efficiency
by deterministically preparing one of the storage states |F = 2, mg = £1) and subsequent
application of the STIRAP protocol. Here we indeed find the theoretically predicted
efficiency of about ng = (69 £ 2) %. From this we deduce a write-in efficiency of ny =
n/nr = (38 = 3) %. This lack in write-in efficiency was already observed in single-atom
experiments [84]. The precise origin is still unknown. However, it is reasonable that the
write-in efficiency is reduced compared to the retrieval efficiency. This is mainly due to
imperfect state preparation in |F = 1,mg = 0) and the necessity for mode-matching the
STIRAP control pulse to the incoming complex-valued photon temporal mode, both of
which can be in the 90 % range, which would already explain the observed discrepancy.

3.4.3. Coherence time

The coherence time is a very important property of any qubit memory, as it characterizes
for how long the stored quantum information can be faithfully preserved. We probe the
coherence time by varying the delay between the two write-ins AwBw and the two read-
outs ARBR in the AwBwARBR access pattern. Again we use circular and linear input qubits
to capture any time-dependent effect on the memory performance. Figure 3.8 shows the
fidelity of atom A and atom B for a scan in the storage time. Most prominently, the
fidelity for linear polarization qubits oscillates with a frequency of about 60 kHz. This is
due to the energy splitting of the two atomic basis states which leads to an evolution of
the superposition phase according to Eq. (3.6). The ratio of the maximally investigated
storage time (1 ms) and the oscillation period (17 us) is too big to conveniently probe the
whole storage time simultaneously. Thus, multiple slices were recorded separately. Each
slice is fit individually to give the local fidelity amplitude. These amplitudes are then
fit with a Gaussian envelope. For linear polarization inputs, this yields a coherence time
of greater than 800 us while no decay in fidelity is observable for circular polarization
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Figure 3.8.: Qubit coherence time. Fidelity of both atoms for varying storage times in the
AwBwARBR access pattern. For the linear polarization input each local segment is fit individ-
ually yielding the green data points.

inputs within the examined range. As circular polarization qubits are mapped to energy
eigenstates which are long-lived ground states, observing no decay in fidelity for these
timescales matches expectations. However, the coherence time for linear polarization
inputs is shorter compared to single-atom memory implementations where it reaches up
to 1.1 ms, mostly limited by magnetic field fluctuations. This can be explained by the
varying atom positions which are used in the two-atom scenario while single-atoms are
always centered with respect to the cavity mode.

Figure 3.9 showcases the origin of this effect. Atoms are placed within a certain acceptance
region, which covers varying intensities of the intra-cavity trap (Fig. 3.9(a)). As this
intensity mostly varies along the addressing (x)-axis, we restrict our analysis to this axis.
Due to the ellipticity of this trap, there is a vector light-shift (see also Sec. 3.3). This acts
like an additional magnetic field on the stored qubits. We probed this effect by Zeeman-
selective spectroscopy of the relevant ground states. The results for two magnitudes of the
ellipticity are shown in Fig. 3.9(b). The dependence of this ,magnetic field“-contribution
on the magnitude of the ellipticity confirms that this is a trap-induced effect rather than
just spatially varying magnetic fields. For the qubit memory, varying magnetic fields lead
to a fluctuating phase-evolution and thus to decoherence. Figure 3.9(c) shows the expected
coherence time for the already mentioned different ellipticities and a single-atom reference.
As the effect is smaller for smaller ellipticities, we chose this setting to implement our qubit
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Figure 3.9.: Decoherence due to varying atom positions within intra-cavity trap. a Acceptance
region for atomic positions within the varying intensity of the intra-cavity dipole trap. b Due to a
vector light-shift which depends on the amount of ellipticity, there is an effective Zeeman splitting
which depends on the trap intensity and thus the atom position. ¢ Varying atom positions lead to
varying qubit frequencies and thus decoherence. The data points are taken from the experimental
results of the obtained coherence time (Fig. 3.8). d By reducing the acceptance range of the
atom positions, the coherence time converges towards the single-atom value. Points always show
experimental data while lines show theoretical estimates.

memory. Thus, Fig. 3.9(c) also shows the obtained data taken from Fig. 3.8 which nicely
matches the theoretical estimation. The obvious solution to this effect would be to use
perfectly linearly-polarized traps. Despite the experimental challenge of precisely tuning
a polarization inside the vacuum chamber, linearly-polarized traps also result in worse
atom trapping times [85]. Another solution is to have fixed atom positions. Indeed, using
the introduced theoretical description, Fig. 3.9(d) shows estimates for how the coherence
time improves for smaller acceptance regions of the atom positions, until it reaches the
single-atom coherence time for fixed atom positions.
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Figure 3.10.: Experimental results for the A[BB]*A sequence. Depicted are k storage and retrieval
attempts on atom B while atom A preserves its qubit for in total 713 us. The decay is well-
explained by the atom’s limited coherence time. Circumferenced data points denote the storage of
linear polarization qubits while all others are circularly polarized.

3.4.4. Storing and retrieving up to 11 photonic qubits

After characterizing the individual aspects of the qubit memory implementation, we show-
case one application where up to 11 qubits are (subsequently) stored in a random-access
fashion. For this we use the AW[BWBR]kAR pattern introduced in Sec. 3.3.3 with k < 10.
In order to highlight the random-access nature of this memory, we re-address atom B every
time it is accessed for either write-in or read-out, just as if the decision on which atom
to process would not be known in advance. Thus, the time-spacing in-between write and
read of the individual trials on atom B is 47 = 64 us. The total storage time for atom A
is 713 us. We probe atom A with a linear polarization qubit as it is most sensitive to cross
talk. As atom B is used multiple times, we alternate the encoded information between
linear and circular polarization qubits to avoid systematic effects of residual populations.

Figure 3.10 shows the combined experimental results for atom A and atom B alongside
a guide-to-the-eye for the coherence time of atom A taken from Fig. 3.8. The combined
storage and retrieval fidelity of atom A after the 10 intermediate trials on atom B lies
perfectly on the estimator given by the limited coherence time. And also the efficiency of
atom A is the same as in a simple two-qubit protocol. This once again shows that even
after 10 intermediate trials, there is still no relevant cross talk between the two memories.
Note that only a fraction of these 10 attempts are successful. However, for every trial the
cavity is populated and the classical control field is applied, so that even the unsuccessful
trials can lead to cross talk.

Investigating atom B, the efficiency and fidelity stay high but do decay by 0.29pp and
0.44pp per trial, respectively. We attribute this to the state preparation which degrades
after more trials as we do not re-initialize atom B in-between. Ideally, the qubit memory
protocol is a closed loop, so that the final atomic state is the initial state again. However,
there are experimental shortcomings which can lead to a different initial state. This is
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Figure 3.11.: Theory for re-initialization in A[BB]“A scheme. a Markov process of possible events
which either lead to the same initial state of the qubit memory protocol or a different initial state
within the F = 1 manifold. In summary, the probability to stay within the same initial state
is about 95%. b Comparison of theoretically predicted and experimentally obtained fidelity and
efficiency for atom B in the A[BBJ*A scheme.

further analyzed in Fig. 3.11. Part (a) shows how the probability evolves for staying in the
initial state |F = 1,mg = 0) or evolving to different initial states |F = 1,mg = +1) which
would still be usable for a memory but with reduced fidelity and efficiency. All numbers
are taken from independent measurements of theoretical estimations for weak coherent
pulse inputs. The main effect leading to a different initial state is the very left branch,
which describes the successful storage of the input, but includes scattering to the wrong
initial state upon creation of the readout photon. Assuming the correct storage state
was populated, i.e. |F = 2,mg = £1), the STIRAP process should lead to |F = 1,mg = 0).
However it can also scatter the population which can lead to |F =1,mg = +1). The
resulting photons are w-polarized and thus not supported by the cavity. Thus they do
not lead to a decrease in fidelity for the current trial but still result in the wrong initial
state for the next one. The impact of this worse state preparation is depicted in part
(b) which compares the theoretically expected decay in fidelity and efficiency with the
experimentally observed one. While there are fluctuations on the experimental data, there
is an overall agreement between theory and experiment.

3.5. Summary and outlook

We have demonstrated a random-access two-qubits memory with a coherence time ap-
proaching 1 ms and a combined write-read efficiency of 26 %. We have shown that it can
be used for handling of at least 11 qubits with negligible cross talk between the two mem-
ories. For future implementations, electro-optical deflectors would reduce the switching
time between memories from currently 40 us down to 2 us. This would enable many more
random accesses during the coherence time of the memory. These accesses can either be
used in the two-atom version demonstrated here, or with more atoms as has been already
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discussed in Sec. 2.6. For this transition, further decreasing the cross talk between the
different memories would be beneficial. For this a larger atom-photon interaction rate g
would increase the coherent efficiency of the storage-and-retrieval process while the off-
resonant scattering of cavity population can be further decreased by going to even larger
atom-cavity detunings. A larger g would also increase the probability to end up in the cor-
rect initial state after a memory trial. As an alternative, atom-selective state preparation
would ensure high-fidelity and high-efficiency operations independent of the earlier utiliza-
tion of the individual memory. Finally, atom-selective stimulated transfers would enable
to transfer individual atoms to decoherence-free substates which would enable larger than
100 ms coherence times [63]. Alternatives for extending the coherence times without atom-
selective transfers will be discussed in the context of Ch. 4, before Ch. 5 describes how we
can extend the qubit register demonstrated here to build a quantum repeater.






4. Extending coherence with dynamical
decoupling

Extending the coherence time of qubit memories is still one of the greatest challenges
for scaling quantum technologies to larger, fully-coherent computers on the one side and
extending quantum communication distances in quantum repeater based networks on the
other.

There are mainly four options for extending coherence time. First, shielding of the sensitive
qubit carriers either by external equipment (e.g. mu-metal) [113,114] or by outer-lying
electronic orbitals of the same matter qubit carrier [115]. While both approaches are
promising, they have to be considered at the initial setup of an experiment. In addition,
they can only protect from externally applied noise and cannot compensate for atomic
temperature or trap potential fluctuations to only name two possible internal noise sources.
Second, the qubit can be transferred to a decoherence-protected subspace, in which the
sensitivity to noise is intrinsically reduced [63,116,117]. This again does not necessarily
protect from internal fluctuations and additionally might only be achievable on the cost
of an overall reduction in fidelity and a significant experimental overhead [63]. In the
third option, the qubit fluctuations due to internal and external noise are averaged out by
manipulating the qubit so that it constantly rephases to its initial state. This approach is
called dynamical decoupling, and is heavily used in solid state systems [105,118-120]. The
fourth option is currently far from being experimentally in reach for our system, which
is using error-correcting codes for encoding a logical qubit into multiple physical qubits
which can detect and correct for occurring bit and phase flips [121-125].

Here we use the third option to dynamically decouple the magnetic-field sensitive qubits
stored in Zeeman states of the same hyperfine manifold in 8Rb. This will increase the
coherence time for qubit memories like the one presented in Ch. 3 and contribute to
enabling the quantum repeater demonstration presented in Ch. 5.

4.1. Theory

The idea of dynamical decoupling started in 1950, with the observation of spin-rephasings
in nuclear magnetic resonance experiments [126]. Its working principle is shown in Fig.
4.1 and is based on the constant coupling to a dephasing bath which can be reversed by
applying a ox gate at half time of the coupling duration. In an ideal picture, the applied
gate has no imperfections, has zero duration and does not alter the decoupling bath. These
ideal-world assumptions can be lifted, at least partially, by the extension to composite
pulse-sequences. By repeating these sequences again and again, the spin ensemble can be

45
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Figure 4.1.: Spin-echo illustration. The constant coupling to a dephasing bath can be reversed by
application of a spin-echo (o, gate) at half time of the coupling duration, so that the initial state
is restored at the end of the process.

constantly decoupled from the dephasing bath, which was labeled dynamical decoupling
[127]. The earliest and arguably easiest of these sequences, named after their inventors
Carr-Purcell (CP) and Meiboom-Gill (CPMG), were designed for specific input qubits
[128,129]. Here, o, gates are repeated with a constant time interval, which determines
the timescale on which fluctuations can be compensated. Later on, sequences such as
XY4 [130] were developed where a combination of o, and o, gates decouples all possible
input states and on top of that is more resilient against pulse-area imperfections.

Nevertheless, having fast and almost error-free gates is still an important prerequisite for
efficient dynamical decoupling and probably most often their absence is the reason why
alternative approaches have to be considered. In the next sections, we will thus look at
how to perform high-fidelity gates on our qubit basis states.

4.1.1. Intra-hyperfine Amr =1 transfer

The goal is to drive transitions between the energy eigenstates |1;) = |[F =1, mg =1)
and |},) = |F =1, mg = —1) in a far-detuned Raman configuration, so that off-resonant
scattering is minimized. Due to destructive interference of transitions via multiple excited
states, Amg = 2 transitions can not be driven far-detuned, but only with the virtual
excited state having a different sign in detuning with respect to the different excited state
manifolds, effectively limiting the single-photon detuning to only 400 MHz [63,131]. Here
we bypass this limitation by doing a multi-step Raman transition in which each individual
step is only Amr = 1. The disadvantage of having multiple steps which need to be timed
is mitigated by performing both steps simultaneously. Another advantage to our scheme
is that the qubit stays in the |F = 1) manifold the whole time, thus avoiding decoherence
due to differential trap frequencies for |F = 1) and |F = 2) [63].

First we will derive the Hamilton for the application of w-pulses on the atomic qubits. The
beam configuration is shown in Fig. 4.2. The atomic basis states are (|1, — 1), |1,0), |1,1),
2, —2), [2/, - 1), [2,0), |2',1), [2,2)) where the excited states are part of the |5?Py )
manifold. Two light fields are applied, one o*-polarized with frequency wy and phase ¢y,
and one m-polarized with frequency wy and phase ¢x.
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Figure 4.2.: Intra-hyperfine Raman configuration A combination of * (y, blue) and m-polarized
(x, green) beams is used to drive the Raman transition. The application of these light fields results
in the driving of multiple transitions (b-d), of which only (b) is desired. The other two processes
can be tuned out of two-photon resonance by application of a Zeeman splitting. The illustrated
equation is not to be understood strictly mathematical, but rather indicates the different possible
transitions.

The following Hamilton describes the relevant energy offsets and driving interactions:

g_h
2

0 0 0 Qe iwvt=idy  Qeiwxt—itx  o—iwyt=idy 0 0

20, 0 0 o5 e iwyt—idy (0% e~ Wxt—idx 7 e iwyt—igy 0
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2E./h 0 0 0 0
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2E./h 0 0

C.C. 2Ee/h 0

: 2E./h
(4.1)

where 9, is the magnetic-field induced Larmor frequency, £2;; is the Rabi frequency between
state i and j and E. is the energy level of the excited states.

This Hamilton describes multiple simultaneous processes which run in parallel (Figs. (b-
d)). We will choose the detuning of the two frequencies wy and w, so that process (b)
will be in two-photon resonance while processes (c&d) will not be. It will not be possible
to transfer Eq. (4.1) to a time-independent interaction Hamilton, as it is not possible to
go to a rotating frame for all processes simultaneously. We choose the constant Hamilton
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Ho = hdiag(—2wy, —w, — wx, —2wyx, —wy, —2Wy + Wy, —Wy, —Wx, Wy, — 2wy) which allows to
use the unitary transfer operator U = e’/ to switch to an interaction Hamilton:

H = UHU - Hy =

[2(wy —wx) 0 0 Qe Qe i?x
201 0 0 _(225e_f(¢y+2t(wy—WX))
46; — 2(wy — wy) 0 0
2(E/h — wy) 0

NS

2(E/h+wy — 2wy)

| cc (4.2)

Qlﬁe_i¢y 0 0 1

92667(25" _(2276’7%’ 0
936e—i(¢y+2t(wy—wx» Q37e—¢x Q3Se—¢y
0 0 0
0 0 0 '

2(E/h — wy) 0 0
2(E/h—w,) 0

2(E/h — 2wy, + wy) |

where the diagonal elements where shifted by —h(w, + wx). Note that this is time-
independent except of the interaction terms Has,Hzs which drive the second process (c)
off-resonantly.

As we will set A~ 2THz, (E/h—w,) ~ (E/h—wx) = A > 2 and we can apply adiabatic
elimination to get a compressed interaction Hamilton for the first three states:

~ h
| = Z
25 2+ 2 —i(px—¢ e Tt Q55 216826 e 2Tt 16256
a5, T A e /(00 —Aier T T A A
—O7(256+925;) + 25+ D6+, e/(®y —9x—=2071) Qo6 Qa6+ (Px—P¥) 257 237
A(A-57) A—br A
25 25+
c.c. A+é7 + A

(4.3)

Here, wy — wy, = d7 is the two-photon-detuning which we tuned to compensate for the
non-zero diagonal elements (67 = —d;). This can be further simplified by A + 67 ~ A
and d7/A~0as A>T, and ¢, — ¢x = ¢:

~ h
H=3a
Q%+ %+ Q% —e P9 Q15 Dps + e/ 216826 _ e_i25Lt916936_
-(2225 + 9226 + 9227 e’(¢_25Lt)Q26Q36 + e_l¢927_(237
e Qs + 2 + 2%,

(4.4)



4.2 Experimental implementation 49

If the beams are far-detuned from any excited state manifold, then 22, + Q% + Q% =
23 + 23, + 23, = Q3 + 25 + 23, which guarantees two-photon resonance. In order to
solve the time-dependent Hamilton analytically, we neglect the time-dependent terms in
Eq. (4.4). This can be justified, if all Rabi frequencies are chosen so that 2;; < 2§, ~
27w x 100 kHz. This is a significant limitation in the Rabi frequencies, which we were also
able to observe experimentally. If the Rabi frequencies are chosen too large with respect
to the Zeeman splitting, the different Raman transitions (Fig. 4.2) interfere and lead
to unexpected behavior which, for example, made it impossible to concatenate multiple
m—pulses with arbitrary in-between waiting times.

After neglecting the oscillation terms in Eq. (4.4) and adjusting the different Rabi fre-
quencies and A to get full population inversion at 2t = 7, we get

V' = RV, with

7.cos_2._(21._‘/2 %e"’b sin 2t —ej""is.sin.2 Qt/2 (45)

R = R(2t, ¢) = 756 i sin Qt cos 2t 7;61¢ sin 2t

—e2%sin2 /2 _TIe*’d’ sin 2t cos? 2t/2

2
Thus, most prominently:

0 0 —e%? 100
RQt=m)=| 0 -1 0 |,Rt=2r)=0 1 0f. (4.6)

—e? 0 0 001

This shows that every m-pulse adds a phase of 4¢ to the relative phase of |[F =1, mg = 1)
and |F = 1, mg = —1) while 27-pulses give the initial state again.

4.2. Experimental implementation

The Raman setup necessary for driving these intra-hyperfine transitions is in-fact very
similar to the one used in the QGate sister experiment where it is used for applying
single-qubit gates in the (|F =1, mg =1),|F =2, mg = 2)) basis [131]. For this Raman
interaction a beam with two orthogonal polarizations is necessary. To this end, we modified
beam (5) in Fig. 2.3 from a single-polarization configuration to support 7 as well as o
polarizations. We implemented two major deviations compared to our sister experiment.
First, we chose a significantly larger single-photon detuning A in order to reduce off-
resonant scattering for the application of many m-pulses and to reduce AC-Stark shifts
induced by the Raman beams. Second and more importantly, we had to stabilize the
relative phase of the two Raman beams (¢ above). The difference to our sister experiment
is, that in their case the initial qubit is defined by the Raman pair itself. Thus, any
arbitrary phase, as long as it is constant for one experimental run (1 ms), will not affect
the results. In contrast, the qubits in qubit memories are defined outside, without any
known reference to the Raman phase ¢. Thus, it was necessary to stabilize ¢ to a given
value (we chose ¢ = 0) for the complete duration of the data acquisition (days).
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4.2.1. Raman configuration
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Figure 4.3.: Setup for far-detuned Raman transitions. a Optical setup including the relevant
frequencies for having a combination of - and o*-polarized beams on the atoms which are in two-
photon-resonance. b Scattering probability per w-pulse as a function of single-photon wavelength,
indicating the optimal operation point close to A = 790 nm.

Figure 4.3(a) shows the optical setup implemented in the laboratory for driving the intra-
hyperfine Amg = 1 transfers described above. For historic reasons, a combination of a
phase-modulation fiber electro-optical modulator (PM-EOM) and a free-space AOM is
used instead of just two AOMs. This configuration also allows to drive the inter-hyperfine
transitions mentioned earlier for the Qgate sister experiment, for which the EOM needs to
be set to Ans + 80 MHz. Both beams are power-stabilized via photo-diodes on the cavity
table and a lab-built stabilization circuit which acts on the global switch for the EOM-path
and on the AOM for the AOM-path.

In Fig. 4.3(b), the off-resonant scattering probability is shown for a range of single-photon
detunings. The optimum working point is close to A = 790nm which can intuitively
be understood as the average of the Di- and the Dj-line detunings, weighted with their
respective Clebsch-Gordan coefficients (cg3,/cg3; = 2). Note that the overall scale of the
scattering rate is challenging to estimate, as it depends on the imbalance in power between
n-light and o*-light as well as the modulation depths of the EOM. Both effects can lead
to variations on the overall scattering rate by an order of magnitude.

4.2.2. Phase stabilization

As motivated above, the relative phase of the two Raman beams has to be stabilized.
To this end, we implemented a phase-locked-loop (PLL). The schematic for the phase
stabilization setup is depicted in Fig. 4.4. Starting from the first polarizing beam splitter
(PBS), the Mach-Zehnder type beam configuration together with the two modes of a 10 m
polarization maintaining (PM)-fiber form an interferometer which defines ¢. After passing
the atoms, this interferometer is made to interfere by overlapping the two polarization
modes on a polarizer. This signal can then be used for feedback, which we apply in a
stabilization period during cooling of the atoms, as described below:

Stabilization mode: The idea is that there is a stabilization period, in which the light
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Figure 4.4.: Optical and electronic setup for phase stabilization. The two arms of the Mach-
Zehnder interferometer and the two modes of a 10 m polarization maintaining (PM) fiber form
an interferometer whose phase has to be stabilized. A phase-locked-loop (PLL) is implemented
which frequency-modulates (FM) the AOM to catch up any phase difference. The two switches
SW1, SW2 and the frequency-shift-keying (FSK) of the RF source are used for switching between
a stabilization mode and an experimental mode which are explained in the text.

is on, but it is not in two-photon resonance so that it is dark for the atom. The EOM
is turned off and the AOM is frequency-modulated (FM) so that it catches up any phase
difference. This effectively implements a PLL. Thus, in this stabilization mode, the AOM
frequency is (80 + €) MHz, where € is the difference in frequency necessary for catching
up. At the same time, the EOM driver is set to 80 MHz and not directed to the EOM
(SW1), but to the demodulation of the AOM-EOM(off) beating which is used for the
phase detection of the PLL.

Experiment mode: During the experiment, the AOM and EOM are driven so that the
resulting light is in two-photon resonance with the atomic transition. The advantage of
the PLL is, that its feedback is 0 as soon as it is in resonance, so that no sample-and-
hold is necessary for switching between stabilization mode and experiment mode. While
the AOM frequency modulation is made 0 by using an external switch (SW2), the EOM
frequency is set via a phase-stable frequency-shift-keying (FSK) to the aforementioned two-
photon resonance (dgpn = 6;). As the AOM/EOM beating accumulates a phase during
this period of different frequency of the EOM, the length of the FSK needs to be tuned
so that daph X TFsk/2m = n, where n is an integer number. The exact driving time of the
atom for e.g. m-pulses is defined via the application of the RF power to the EOM, which
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Figure 4.5.: Phase evolution of the Raman setup. a PLL feedback voltage as an indicator for the
phase evolution without active feedback. Fluctuations on a few hundred ms timescales are visible.
b Phase evolution for three different FSK pulse durations. The FSK imprints a frequency difference
which is visible as oscillations in phase (0 us to 100 us). Afterwards (100 us to 200 us), the FSK is
turned off and the phase stays constant at its last value of the oscillation, which can be used for
setting an arbitrary phase for the Raman process. After 200 us, the feedback is turned on which
stabilizes the phase to 0 on a timescale of 200 us.

just needs to be within the FSK period.

Testing the electronics: In order to test the protocol described above, we can bypass the
optics generating the phase drift and directly connect the AOM driver to the demodulation
via the EOM. In this way we can verify that the FSK does not generate an additional
phase and also verify that the two microwave sources have the same frequency.

Figure 4.5 shows a comparison between unstabilized (a) and stabilized (b) phase-evolution,
as well as the effect of the application of the FSK which results in fast oscillations of the
phase and its return to the initial value if the length of the FSK period is tuned correctly
(integer multiple of 1/d;). From this we conclude phase-stability over a duration of at
least 10 ms when there is no compensation, i.e. in experimental mode, and a remaining
root-mean-square fluctuation of the phase of 0.9 deg.

4.2.3. Choice of dynamical decoupling rotation axis

For the repeater scheme which will be discussed in Ch. 5, the stored qubits must be in
one of four states independent of the number of DD pulses. Obviously, it can not be the
same state every time, as in this case there would be no decoupling. For qubits prepared
in one of the energy eigenstates, the qubit has to be flipped after every DD pulse as this
is essential for decoupling from mg-dependent noise. As it is known how many DD pulses
were applied, this flip can be compensated in post-processing. For qubits prepared in an
equal superposition state, the impact of a DD pulse depends on the relative phase of the
DD-rotation axis in the Bloch sphere and the phase of the qubit. The DD-rotation axis
can be tuned by adjusting the relative phase of the two Raman beams ¢, which we tune
by first stabilizing it to 0 and then applying a controlled frequency difference for a specific
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duration. Another peculiarity of the repeater is that it uses a four-state protocol, i.e.
the qubit is always prepared in one of the four states {|1,), |[{2),|Tx) . |[4x)}. Thus, there
are only two possible superposition qubits which are always orthogonal. This allows to
tune ¢ to have the DD-rotation axis along this qubit axis, which results in no noticeable
qubit alteration although [1,) and |],) are being exchanged (Fig. 4.6). Taking the rotation
operator from Eq. (4.6) this reads:

2i i(0—2¢)
RS IS S S I T e I O S S R
c.c 0 \/§ ieie \/E e2i¢> \/§ ieie , )

where 6 defines the phase of the initial equal superposition qubit and + accounts for the
possibility of |1x) and |]«). Thus, by choosing 2¢ = 6, the initial qubit is preserved up to
global phases. This is reminiscent of the difference of CPMG and CP, where for the first
one the qubit is aligned with the rotation axis while for the second one it is orthogonal
while the actual pulse-sequence is the same.

Note that this is only possible because of the limited num-
ber of possible qubits in the repeater protocol, which means
the decoupling can be optimized for just those states. For
a general qubit memory, every possible superposition and
energy eigenstate has to be decoupled from noise, for which
more complicated decoupling sequences were invented and
are still under active investigations [120,132]. In contrast,
here the energy eigenstates |1;),|];) are decoherence-free
[63] so that there are only [1y),|lx) left which have to be
decoupled. This simplifies the sequence significantly on the
cost of additional benefits of these more complicated DD-
sequences, such as stability against Raman pulse imperfec- Figure 4.6.: Dynamical decou-

tions. pling rotation axis. (|1%), [{x))

. stay the same when applying
To summarize, we perform DD m-pulses always around the DD w—pulses (green arrow),

same axis which is aligned with the qubits ([1x), [{x)), Sim- while (|1,),[J,)) undergo bit
ilar to a concatenation of spin-echo pulses. This results in flips.
no change for (|1x), |[4x)) and in bit-flips for (|1;), [{2))-

4.3. Experimental results

4.3.1. Coherent population transfers

First we test the performance of the coherent population transfer within the |F = 1) man-
ifold. To this end, we perform a single-atom photon-photon entanglement experiment
similar to Wilk et al. [58] (see App. B).

Assuming the first photon detection projects the atom onto |F =1, mg = 1) and using
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Eq. (4.5) for describing the driving dynamics, the fidelity of the second photon is given
by:

_ 4ng cos*(2t/2) + ngsin®(2t)
ng + 3nc + (ne — nB) cos(22t)’

where P;(t) are the probabilities of the qubit being in |F = 1, mg = i) which follow Eq. (4.5).
ne (ng) is the read-out efficiency for |F =1, mg = £1) (|[F =1, mg =0)), t is the pulse
duration of the Raman pulse and 2 is its Rabi frequency. The motivation for this for-
mula is, that population in |F = 1, mg = 0) results in a fidelity of 0.5 while population in
|F =1, mg = 1) (the initial state), gives ideally a fidelity of 1.

neP1+ 0.51m8F

_ 48
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Figure 4.7.: Coherent population transfer in F=1. Fidelity and efficiency for different pulse dura-
tions including fits to the combined fidelity/efficiency data sets. The deviation from a sin-curve
for the fidelity is due to the multi-step process described in the main text.

Figure 4.7 shows the fidelity between the first and the second photon in the circular
detection basis, i.e. the case described by Eq. (4.8). The corresponding fit matches nicely
and yields a Rabi frequency of 2/2m = 17.6 kHz. Additionally, the same figure shows the
oscillation in readout efficiency, with maxima whenever the qubit is in |F = 1, mg = 1),
owing to the difference in ng and 7.

4.3.2. Coherence time

The main decoherence mechanisms for the employed qubit states are magnetic field fluctu-
ations and varying virtual magnetic fields due to circular polarization components in the
optical dipole traps [63]. Both effects should be compensable with dynamical decoupling,
if the pulse separation and duration is significantly smaller than the frequency of the noise.

The easiest decoupling sequence is the application of a single m-pulse in the middle of the
storage time, called spin-echo after Hahn’s pioneering experiments [126]. This technique
can already compensate for slowly-varying drifts while oscillations which are fast compared
to the total storage time will still decohere the qubit.



4.3 Experimental results 55

In the next step, many w-pulses are applied so that faster drifts can be compensated. In
the sequence used for the quantum repeater (Ch. 5), there is a window of 30 us every
100 s for applying dynamical decoupling pulses (the motivation of this can be found in
the respective chapter).
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Figure 4.8.: Comparison of coherence times. a Sequence for three different configurations, namely
without any decoupling (no DD), only with a single 7-pulse in the middle of the waiting time (SE)
and with many m-pulses separated by 99 us. Each m-pulse takes 28 us. b Fidelity versus number of
pulses for the different sequences. Square dots denote qubits in the superposition basis and circular
dots denote qubits in the energy eigenbasis.

An overview of the three different investigated sequences is shown in Fig. 4.8(a), where the
sequence with no DD pulses serves as a reference. Figure 4.8(b) depicts the experimental
results for the different sequences. There are two main observations. First, the F = 0.66
coherence time can be improved from about 1.2 ms without decoupling, to 3.8 ms with a
single spin-echo pulse and to 23 ms for the final decoupling sequence. Due to limitations of
the FPGA control electronics, only 100 pulses could be applied so that the given fidelity is
only an estimate. Note that the coherence time without decoupling is different compared to
Ch. 3, as in the meantime, a feed-forward compensation for magnetic field fluctuations at
f =50Hz and f = 150 Hz was implemented. The second main message becomes apparent
when comparing results for the superposition basis (squares) and for the energy eigenbasis
(circles). For the sequence without decoupling and for the one with a single pulse, the
fidelity for energy eigenstates stays constant over the investigated range as is expected for
long-lived atomic ground states [63]. In contrast, the fidelity for the DD sequence decays
the same way as the fidelity for the qubits in the superposition basis. This clearly indicates
that the major decay mechanism is not a remaining fast fluctuation, but most probably
infidelities of the applied DD pulses.

In theory, qubits aligned with the rotation axis (CPMG, [1x),|Ix)) are not sensitive to
imperfections in the pulse area of the DD pulses themselves, although the decoupling
performance degrades of course. In contrast, qubits perpendicular to the rotation axis
(CP, 12), [{2)) are maximally sensitive. In our case, however, the situation is different
as imperfect transfers do not leave (|1x),|lx)) unscathed because the qubits can end up
in |F =1, mg =0) which is not the case in normal decoupling theory. Thus both qubit
bases are sensitive to pulse imperfections. For an estimation on the fluctuation of the
pulse area, we use the remaining power fluctuation value after power stabilization. This
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number is < 1% which can account for an infidelity of only 1%. Note however that this
number is acquired in-loop of the feedback circuit, so that the fluctuations at the position
of the atoms might be bigger. A remaining fluctuation of 4 % could already account for
the decay in fidelity we observe.

Another mechanism which acts almost symmetrically on the different qubits is depolar-
ization by off-resonant scattering from the Raman lasers which erases phase as well as
population information. For ([1,), |{2)), no decoupling is necessary as the results showed.
We can thus use this as a reference and just apply the decoupling Raman light without
tuning it into two-photon resonance (no RF power on the EOM). In this way, the qubits
are subject to off-resonant scattering but do not undergo Raman oscillations. Experiments
showed that this leads to a decay in fidelity of 8% at 100 pulses. As was noted in the
section on the Raman setup (4.2.1), a quantitative estimate on the scattering rate is dif-
ficult. We find that the observed infidelity after 100 pulses is within the errorbar of this
estimation.

4.4. Summary and outlook

We have successfully implemented and tested the dynamical decoupling of Zeeman-state
qubits in the same hyperfine state. We have achieved an application-ready coherence time
of about 20 ms, a 20-fold improvement compared to no decoupling. It is worth pointing
out that these results have been achieved with just 10 us of incoherent optical pumping
for state preparation, as no cooling to the motional ground state is necessary in contrast
to previous approaches.

The coherence time can probably be further extended by making more efficient use of
the optical power on the atom, e.g. by using a carrier-free modulation method such as
using an AOM instead of an EOM. Another avenue for improvements would be having
weaker constraints by the experimental sequence. This would allow to also use more
advanced decoupling sequences like XY4 which are resilient against experimental pulse
imperfections and which should achieve the observed decoupling with less pulses and thus
less scattering. Additionally, larger Zeeman splittings would enable faster driving of the
Raman transition so that faster fluctuations can be compensated. This being said, our
result is only a factor of about 3 away from a coherence time only limited by the scattering
due to the omnipresent optical dipole traps [63], which can not be decoupled.

In addition to the application of dynamical decoupling, the developed high-fidelity gates
also enable for the first time single-qubit operations on the often used memory states
|F, mg = £1). While they are currently limited to multiples of m-pulses, this is already
sufficient for many applications.



5. Quantum repeater node for quantum key
distribution

The content of this chapter follows the publication:

Quantum Repeater Node Demonstrating Unconditionally Secure Key Distribution
S. Langenfeld, P. Thomas, O. Morin and G. Rempe,

Physical Review Letters 126, 230506 (2021).

In this chapter we will experimentally demonstrate how two atoms in a common cavity can
be used for realizing a quantum repeater node for quantum key distribution. We will start
by introducing the topics of quantum repeaters, quantum key distribution and how these
can be combined for the demonstrated application. We will then continue with presenting
the necessary theoretical and experimental foundation which is specific for this experiment
and goes beyond the general description provided in Ch. 2. Against this backdrop, we then
display the experimental demonstration and its analysis which is followed by an outlook
on future improvements and new trajectories for research and applications.

5.1. Overview

5.1.1. Quantum repeater

In classical networks, repeaters build the backbone of long-distance communication to
mitigate signal losses along the transmission lines by means of signal amplification and
redundancy. In quantum networks, qubit amplification in its naive meaning is forbidden
by the no-cloning theorem [20]. Thus, quantum teleportation was invented in order to
transport a precious qubit deterministically after the probabilistic creation of entanglement
between the communication partners [27]. This leaves the part susceptible to loss to the
creation of entanglement, which can be repeatedly tried until a herald confirms that it
has been established. While this is a major advantage, it relies on actually establishing
the entanglement and also keeping it alive until it will be used for teleportation (or other
purposes). The establishing of entanglement is still limited by the no-cloning theorem, so
that the probability of creating an entangled link per trial via a fiber-network is given by:

p=nsnre ', (5.1)

where 75 and ng are the efficiencies of the sender and the receiver, L is the fiberlink distance
and L, is the attenuation length of the fiber, currently upper-bounded by the transmission

57


https://doi.org/10.1103/PhysRevLett.126.230506

58 Quantum repeater node for quantum key distribution

in telecom fibers to L, 1550 = 22 km. Even if perfect sender and receiver efficiencies are
assumed in combination with the GHz electronics used in classical communication, the
communication rate between e.g. Munich and Berlin still drops down to the Hz regime.
Obviously this is not sufficient for today’s demands on network communication rates.

A possible solution to this issue was put forward by Briegel et al. in 1998 [35], the so-called
quantum repeater. The idea, which is depicted in Fig. 5.1, is relatively straightforward: a
string of intermediate repeater nodes connects the two communication parties Alice and
Bob. Alice and Bob, as well as all other repeater nodes, try to establish next-neighbor
entanglement (a), e.g. via optical Bell-state measurements (BSM). This process can be
performed in parallel and its success rate scales with the distance between nearest neigh-
bors. Upon success, local BSMs on each repeater node (b) swap the entanglement to Alice
and Bob (c). In principle, by combination of many (noisy) intermediate entangled pairs,
the entanglement of Alice and Bob would be of low fidelity. Briegel et al. showed that
this can be avoided by nested purification, i.e. by preparing many intermediate pairs in
parallel which are purified to a high-fidelity entangled pair. It turns out that this results in
a polynomial overhead in time and a logarithmic overhead in number of qubits per node,
which gives a fundamental advantage compared to the exponential decay described above.

a
Alice Repeater node Repeater node Bob
N VS N Y
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BSM BSM
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Alice Repeater node Repeater node Bob
~—~ —~ — ~—
N LRCL N
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Alice Bob

()

Figure 5.1.: Illustration of quantum repeater. a The total transmission line is separated into
smaller links which independently attempt to create nearest-neighbor entanglement via Bell-state
measurements (BSM). b Local BSMs swap the entanglement from the nearest-neighbor to the next
higher level. ¢ In the end, Alice and Bob share an entangled pair.

Nowadays, multiple extensions of the original repeater protocol have been proposed. Their
main difference lies in compensating the loss error (rate) and also operational errors (fi-
delity) not by heralding and purification but by implementing the operations in a fault-
tolerant way via quantum error correcting codes [109]. While this has significant advan-
tages especially for very long distances where the communication time of the heralding
signal becomes dominant, they also require significantly more simultaneous resources to
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implement their error-correcting codes. Having these resources available seems to need
years if not decades of further research. For the reminder of this chapter we will only
consider the so-called first generation quantum repeaters which rely on a heralding signal.

5.1.2. Quantum key distribution

In quantum key distribution (QKD), or rather classical-key extension by means of quantum
communication (to be precise), Alice and Bob want to generate a shared cryptographic
key which they can use as a one-time pad for message encryption and decryption [133].
It has been proven, that this generated key can be secure based on the laws of quantum
physics, so that a potential adversary Eve has no possibility of eavesdropping [134].

The initial concept of QKD was introduced by Bennett and Brassard in 1984 (BB84)
[22], a protocol which is still used in today’s research and applications. The protocol
works as follows: Alice, the sender, chooses randomly from two sets of non-orthogonally
polarized photons (e.g. H, V and D, A) and sends a string of these photons to Bob,
the receiver. Bob measures the incoming photon’s polarization in either the (H,V) or
the (D,A) detection basis. Afterwards they publicly announce, over an authenticated
channel, in which basis they prepared or measured the photons, but of course without
enclosing which specific state they prepared/measured. For all photons which have been
prepared /measured in the same basis, their information should 100 % correlate, which they
can use as a key. The beauty of BB84 and QKD in general lies in detecting an eavesdropper.
Alice and Bob can compare a subset of their results, and if the correlation is below a
certain threshold, Alice and Bob have to conclude that an eavesdropper intercepted the
transmitted photons. This conclusion is governed by the no-cloning theorem of quantum
mechanics [20] and the non-orthogonality of the transmitted states. Of course this scheme
has certain drawbacks. The requirement of having an authenticated public channel for
announcing the preparation/measurement basis already necessitates a shared secret which
will be used for this purpose, which motivates the labeling key-extension rather than key-
distribution. In the worst case, this could also mean that no key is extended because the
newly shared secret has to be used for the next authentication step. However, there are
authentication algorithms which work efficiently enough to have a net-extension of the
key [135].

Obviously, in the lab and even more so in real-world applications, Alice and Bob will not
find 100 % correlation in their results. As it is difficult to differentiate between device
imperfections and the errors introduced by Eve, the uncalibrated device scenario assumes
that all errors have to be attributed to Eve [133]. In any case, algorithms have been
developed which perform (classical) error correction (also called information reconciliation)
to get a perfectly correlated key and subsequent privacy amplification [136] to reduce the
information Eve has on that key. There are limits to when these algorithms can be applied.
It is beyond the scope of this thesis to derive the different limitations for different attack
scenarios or error-correction schemes, but the most fundamental limit should be given
here:

In one-way classical post-processing, only either Alice or Bob publicly gives information
while the other one only listens. Assuming the most general form of attacks, this puts the
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listener (Bob) and Eve at equal footing. Thus, the secret fraction of the key is given by
the uncertainty of Eve on the shared key minus the uncertainty of Bob [137]:

rs = H(A|E) — H(A|B), (5.2)

where H is the conditional Shannon entropy [138], i.e. a figure of how much information is
enclosed in one set, or equivalently, how much uncertainty there is in one set (e.g. the set
{1"|n integer} > {1...1} has 0 uncertainty and thus carries 0 information, independent of
the length n of the string). Evaluating this for the four-state BB84 protocol yields [133]:

rs > 1-— h(ex) — h(ez), (53)

with ex, ez being the quantum bit error rates (QBERSs) in the two respective bases (e.g.
horizontal and diagonal as used above) which indicate phase and bit-flip errors, respec-
tively. h is the binary entropy function

h(x) = —xlogy(x) — (1 — x) log,(1 — x). (5.4)

At e = ex = ez = 11%, the secret fraction rs drops to zero and no secret key can be
exchanged. !

Another practical drawback of QKD is due to the fundamental principle of QKD itself,
namely that the transmitted photons cannot be cloned, so that the achievable commu-
nication rate and distance are highly limited by the exponentially scaling transmission
losses. At this point, the formerly discussed quantum repeater finds a remedy for this
limitation [75], which will be discussed in the next section.

5.1.3. A quantum repeater for quantum key distribution

The arguably simplest form of what we call a quantum repeater is a single intermediate
node between Alice and Bob. While this setup is not sufficient for breaking the exponential
scaling of rate versus distance, it can already modify the exponential decay constant so
that the overall rate scales with the square root of the channel loss. If such a setup is
used for quantum key distribution, it bears the additional simplification that the nested
error correction can be performed classically on the obtained key, which further reduces
the necessary resources down to having two quantum memories in between Alice and Bob.
Such a scheme was proposed in 2016 [75]. It combines BB84 with the idea of quantum
repeaters where the transmission distance is sliced so that individual slices can operate
individually and are later combined by entanglement swapping via a BSM. The protocol
is as follows (Fig. 5.2): First, one of the quantum memories of the quantum repeater node
emits a photon whose polarization is entangled with the memory. This photon is sent
to Alice who performs a polarization measurement in a randomly chosen detection basis,

nterestingly, Shannon already showed that the amount of information in the presence of noise is given
by R =1 — h(e). Classically, only bit-flip errors are possible. If this is extended to bit-flip and phase
errors, the equation becomes R = 1 — h(ex) — h(ez). Although this is the same equation as above,
the meaning appears fundamentally different to me. It says that the amount of information in the
exchanged key becomes 0, rather than just talking about the shared information of Bob and Eve.
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Figure 5.2.: Illustration of our QKD quantum repeater implementation. Four steps for distribution
of one bit of a secret key. The vertical axis loosely indicates time while the horizontal one indicates
distance. 1 Atom A is initialized and repeatedly performs atom-photon (AP) entanglement until
Alice heralds the successful transmission and detection of the photon in a BB84 measurement
scheme. 2 The same for atom B and Bob, while dynamical decoupling (DD) on atom A increases
the coherence time of the correlation shared by atom A and Alice. 3 After both Alice and Bob
have detected a photon, the central repeater node performs a Bell-state measurement (BSM) on
atom A and B, which swaps the correlation from atom A-Alice and atom B-Bob to Alice-Bob.
4 Together with the BSM result, Alice and Bob share one more bit of a raw key. Using classical
error correction and privacy amplification, this can be converted to a secret key, given that the
QBER is small enough.

Alice | BObT

just like in BB84 (1). If she detected a photon, she publicly announces this to provide a
herald for the successful transmission. If no photon arrived, the protocol starts again by
re-creating a new photon-memory entangled pair. As soon as the transmission for Alice
has been successful, the same procedure starts for the second quantum memory and Bob
(2). Note that during Bob’s attempts, the first quantum memory preserves the established
correlation with Alice. If both Alice and Bob have heralded the successful transmission,
a local BSM is performed on the two quantum memories to swap the entanglement (or
rather classical correlation) to Alice and Bob (3). Depending on the result of the BSM,
which is publicly announced, Bob applies a bit flip or not. Afterwards error correction and
privacy amplification as in BB84 are employed to distill a perfectly correlated and secret
key (4). As each transmission line only has half of the total length, the rate scales with
e /(L) 4 fundamental advantage compared to direct transmission. This comes at the
cost of generating and detecting two photons and performing a potentially probabilistic
BSM. The impact of these processes on the achievable rate will be discussed in Sec. 5.2.1,
but intuitively it is already clear that this repeater scheme will only exploit its benefits
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starting from a minimum communication distance so that the scaling advantage surpasses
the additional resource disadvantages.

At this point we would like to note, that recently there has been the discovery of a new
QKD protocol without repeater, the twin-field QKD [139]. Surprisingly, this scheme
achieves the same scaling behavior as the described repeater and thus also beats the
repeater-less bound, a term which now certainly has to be reconsidered. While its experi-
mental implementation is far simpler as it does not rely on quantum entanglement, there
seems to be no clear avenue on how to scale it further and reach the polynomial scaling
behavior promised by extended repeater chains. This is why there is still a lot of research
going on investigating how different hardware platforms perform in a variety of quantum
repeater proposals [74,140-146].

5.2. Theory

5.2.1. Key generation yield

The figure of merit used in Ref. [75] is the (secret) key rate per channel usage. The
advantage of this figure compared to the typically used rate per time (e.g. in kHz) is
that it does not depend on the repetition rate of the protocol, which would have made it
impossible to compete with today’s communication devices operating at GHz repetition
rates.

In order to evaluate the performance of a QKD repeater, we thus have to compare it
to the efficiency per channel usage of direct transmission, i.e. normal BB84. For direct
transmission, this efficiency is easy to calculate for the raw key rate which is equal to the
yield and reads:
yielddirect,L = PA—»B = UsnRefLA”B/La' (55)
just like introduced earlier. For the implementation with 8’Rb, L, = 1.1km (4db/km) at
A = 780nm. If direct transmission is repeated until success, the distribution of channel
usages N until success P(N) forms a geometric series given by:
P(N) = passg x (1 — pass)" (5.6)
(N} =1/pass.

In the repeater case, the trials of Alice and Bob individually are just like direct transmission
with Lca8 = La—sg/2, assuming they use the same hardware so that ns g are the same

pag = nsnre” ta-e/(2La), (5.8)

The expectation number of overall channel usages is however not uniquely defined. A
possible option would be for example the sum of both channel usages Na + Ng, while
the community has converged on using the expectation value of the maximum trials of
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Alice and Bob, (N) = (max(Na, Ng)) which does not have an exact solution but can be
approximated in a high- and low-loss regime [141]:

1 1 1 1

~ DA P8 PatpPs—DpAPE' PA
(max(Na,Ng)) ~ {PA Pis pa+pPB—PAPB PlA
pA(l—(l—pB)"*)' PA

< n*, low loss limit, 5
> n*, high loss limit. (5:9)

Here, n* is the maximum number of trials allowed for Alice and Bob. This cut-off is
motivated by the limited coherence time of qubit memories, so that the repeating process
on atom B has to be stopped before atom A has decohered significantly. If this happens,
the whole process has to be restarted which wastes the channel usages invested so far.
Equation (5.9) only describes the number of channel usages for Alice and Bob receiving a
photon. In order to complete the process, the BSM on the central repeater node has to
be successful. Thus the overall rate employing a quantum repeater is:

. PBSM
yleldrepeater = m- (5.10)
The error correction and privacy amplification steps are the same for the direct trans-
mission and for the repeater scenario. Here the important quantity is the quantum bit
error rate as introduced in Sec. 5.1.2. For direct transmission, the experimentally most
relevant error source for long-distance communication are dark counts of the detectors. As
these give uncorrelated results, the signal-to-noise ratio degrades due to the decay in sig-
nal for increasing communication distance while the dark count rate stays constant. With
state-of-the-art detectors (pgec < 1Hz) and very short photons (FWHM = 1ns), an opti-
mistic estimation gives a maximum transmission distance of 90dB/(0.2dB/km) = 450 km,
which is indeed close to the current maximally achieved fiber-based direct transmission
distance [57]. For repeater schemes, there are many more contributors to the QBER.
The three dominant ones are the initial fidelity of the atom-photon entangled pairs, the
decoherence of atom A during the waiting time for atom B, and the fidelity of the BSM.
For state-of-the-art experiments, all of these numbers are in the few-percent region, which
makes just beating the threshold of QBER < 11% the prime objective in the current
phase of research. We should note, however, that there are also higher error thresholds
which allow for communication in the presence of larger errors [147]. One commonly used
threshold is QBER = 14.6 %, which is secure against individual attacks on Alice and Bob,
but is not secure against collective attacks, thus it is not unconditionally secure. Allowable
error rates can be further increased by using two-way communication, i.e. Alice and Bob
communicate bi-directionally in the post-processing phase. For a BB84-based scheme, tol-
erable error rates go up to 18.9 %, but on the cost of significantly reduced key rate [147].
Thus, for tackling the unconditionally secure protocol without further assumptions on the
communication in the post-processing phase, we will always compare to the 11 % thresh-
old. The secret key fraction as function of QBER can then be evaluated according to the
already introduced formula:

rs = 1-— h(ex) - h(ez), (5.11)
which is also depicted in Fig. 5.3(a).

Figure 5.3(b) depicts a simulated comparison between direct transmission and achievable
repeater rate. The underlying mathematical equations are taken from Ref. [75]. The
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direct transmission starts with a higher initial rate due to additional imperfections in the
repeater process, such as a non-unity Bell-state measurement efficiency and fidelity. It
then decays linearly in this logarithmic plot with a rate-distance exponent of —L/L,. The
repeater starts with a disadvantage but can potentially achieve higher rates compared to
direct transmission at larger distances, due to its improved scaling with distance having
an ideal rate-distance exponent of —L/(2L,). For large distances, the time it takes to get
a successful event for atom B and Bob gets on the order of the coherence time of atom A,
so that the QBER increases which finally results in zero rate at a distance of about 8L,
for the given experimental parameters.
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Figure 5.3.: Simulation for key distribution rate of quantum repeater. a Secret key fraction of
a key with a given quantum bit error rate (QBER). b Secret key rate for two realistic repeater
setups with different Bell-state measurement probabilities pgsm and the direct transmission using
the same experimental parameters. The green shaded area highlights the advantage of the repeater.
The same plot shows the increase in QBER for longer distances due to a longer dephasing time.

From this one can deduce two possible benchmarks. First and obviously, the goal is to beat
direct transmission which, however, currently seems to be a task far from reach. Recently
there has been one experimental demonstration claiming to have achieved that [148].
Although they presented an excellent experiment, their treatment of the involved losses and
their choice of QBER-threshold (14.6 % instead of 11 %) makes their claim in my opinion
untenable. Indeed, the involved losses can be accounted for in two different ways. Given
the single-trial success probability p(ng,ns, La_g), we can attribute all losses including
setup inefficiencies to the communication distance, i.e. ngrns = 1. Then the equivalent
distance in the direct transmission case is La_,g/L, = — In(p) while in the repeater case it
is Lasg/Ls = —2In(p). Obviously, for the same ngns, this is favorable for the repeater and
thus makes it easier to beat the direct-transmission threshold. However, in my opinion,
this is not scientifically correct, as the setup inefficiencies are a fundamental component
of any experimental implementation. We thus choose the second option for attributing
losses, which gives La,g/Ls = —In(p) + In(nrns) for the direct transmission case and
Lasg/Ls= —2In(p) + 2In(nrns) for the repeater case. This still has a scaling advantage
with decreasing p, but at a larger initial disadvantage given by ngrns. The experimental
origin of this disadvantage is clear: while direct transmission only requires one photon
emission and detection, even the zero-distance repeater needs two emissions and detections.

The more realistic benchmark to beat, and one which is independent of this discussion,
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is thus observing the fundamentally different scaling behavior of a repeater versus di-

rect transmission, thus to observe a rate-versus-distance exponent of —L/(2L,) instead of
—L/L,.

5.2.2. Bell-state measurement of two atoms in the same cavity

To our knowledge, a Bell-state measurement of two atoms in the same cavity has never
been demonstrated before. There has been one experiment performing a two-qubit gate
within the same cavity [66] but without having the capabilities of extending it to a BSM,
and other experiments projecting two specific qubits into an entangled state [65,149].
Here we will use the latter scheme to perform a BSM. The principal idea is similar to
the well-known linear optics Bell-state measurements [150, 151], in which the Hong-Ou-
Mandel effect is used to erase which-way information of two incoming photonic qubits
on a beam splitter [152]. The projection and measurement of the photons on subsequent
polarizing Beam splitters and single-photon detectors allows to distinguish two of the four
Bell states. The scheme of Ref. [149], initially put forward by Duan et al. [153], makes
use of the common cavity mode to erase the which-way information of the two photons.
Afterwards, these photons are again measured in a polarization-resolved detection setup

(Fig. 5.4(a)).
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Figure 5.4.: Distinction of a specific Bell state. a Illustrative view of experimental setup for optical
Bell-state measurement of two atoms in a cavity. b Selection arguments due to Bosonic nature of
the photons in the same spatial mode and the subsequent polarization-resolved detection.

We now reason how this scheme can be used for detecting one specific out of the four
well-known Bell states:

+\ —
V) f (I8 + 14)).
s b= (1) — 1),
‘[ (5.12)
+ =
|oF) = f (ESTNE
07 = 2 (1) — 144).

V2

Without loss of generality, we will use |1) = R-polarized photons and |]) = L-polarized
photons. The first step of separating the four Bell states is by counting the number of
photons in a given polarization, where two times the same polarization heralds one of the
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|®)-states while two different polarizations heralds one of the |¥)-states. As detecting
twice the same photon polarization requires photon-number resolved detectors, we will
concentrate on the |¥)-states for heralding a specific Bell state. Then, the task lies in
separating |WT) and |W~). This separation comes naturally due to the Bosonic nature of
photons: the overall wave function of a photon, consisting of the spatial wave function and
the spin wave function, has to be symmetric under particle exchange. The spatial wave
function of two photons emitted simultaneously into the same cavity mode is symmetric as
long as the photons are indistinguishable. Thus, any two photons which leave the cavity
like that have to have a symmetric spin wave function, i.e. they have to be in one of
the |®)-states or in the |W™T) state, but they cannot be in the |¥~) state (Fig. 5.4(b)).
In combination with the already mentioned polarization resolved detection, this scheme
allows to distinguish the |W™) state from all the other states.

5.2.3. State evolution and qubit timings

In the last section, we assumed without loss of generality that the BSM is performed in
the circular detection basis (R,L). Here we motivate why we also chose this basis in the
experiment. At the same time, we will reason which detection bases Alice and Bob will
detect their photons in.

The fundamental difference between the detection in a circular (R,L) and in a linear (H,V)
basis is the time-dependence of their corresponding atomic states. Circular photons are
mapped to energy eigenstates while linear photons are mapped to atomic superposition
states (see Sec. 2.2.2 and 5.3.4). Due to an intentional bias magnetic field in the ex-
periment, the phase of the superposition states evolves over time with twice the Larmor
frequency 26;, which makes the success of the protocol timing dependent. There are two
important timings in the protocol, namely the time difference between the photon emission
for Alice and Bob Atag and the timing of the BSM with respect to Bob, Atgg.

Alice and Bob randomly select between measuring in one of two non-orthogonal bases.
Again we will see that choosing a circular basis for one of those is beneficial. As photon
and atom are entangled, Alice and Bob’s detections project atom A and atom B to a given
state |Wa) and | Wg), respectively. This product state |Wag) = |Wa) ® |¥g) will determine
the probability to detect |WT) in the BSM according to p = |(Wag|¥T)|>. These proba-
bilities are summarized in Table 5.1. The first important conclusion is that, if the BSM is
performed in the (H,V) basis, both the relative timing of the atom-photon entanglement
attempts as well as the readout time for the photonic BSM are important. In contrast, for
a BSM in (R,L), only the relative time Atag matters. This makes it experimentally easier
as the timing of the BSM can be chosen freely. This difference is fundamentally easy to
grasp: |WT)g, is time-independent. In contrast, the phase of |W),,, oscillates with twice
the usual qubit frequency, i.e. 45.. Another important consequence and also reason for
choosing the (R,L) basis is that due to this time/frequency-independence, |W)g, is ideally
decoherence-free against common mode noise [116] while |¥T),,,, is not. To summarize,
we will perform the BSM in the circular (R,L) basis and one of the detection bases for
Alice and Bob should also be (R,L). The other basis can be any linear basis. Following
BB84, we will call the (R,L) basis Z-basis and the (H,V) basis X-basis.
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Table 5.1.: The table shows the probability to detect |¥™) in the Bell-state measurement given
certain detection results for Alice and Bob in the preceding photon distribution process. Atag is
the time-difference between the photon emissions for Alice and Bob and Atgg is the time difference
between the emission for Bob and the BSM.

Moo Bop——— | wasl)? (Wns v
H, H Sin2(AtA|35|_ + 2At335|_)/2 COSz(AtAB(SL)/Q
H,V COSz(AtAB(SL + 2At335|_)/2 SinQ(AtAB5L)/2
V, H COSz(AtAB(SL + 2AtBB(5|_)/2 sin® AtAB(SL)/2
Vv,V sin2(AtAB(5|_ + 2AtBB(5L)/2 COSz(AtAB(SL)/Q
R, R 0.5 0
R, L 0 0.5
L, R 0 0.5
L, L 0.5 0

Another conclusion is that the distribution of (. Atag) mod 27 has to be kept small. This
requires the repetition period, i.e. the time difference between successive trials, to be a
multiple of 7/d|, so that the detected state is independent of which of the trials succeeded.
Additionally, the distribution has to be kept small by having short photon durations as
will be discussed in Sec. 5.3.4.

5.3. Experimental implementation

In this section we will motivate experimental procedures, techniques and parameters. We
will start by detailing the experimental sequence which was implemented in the laboratory.
Afterwards we will discuss every element of this sequence and which parameters have to
be taken into account for a successful demonstration of a quantum repeater. Then we
will give technical details on the detection setup for Alice, Bob and the optical Bell-state
measurement. After a brief discussion of the optimum magnetic field, we will be ready to
present the achieved results in the next section.

5.3.1. Detailed sequence logic

A schematic of the protocol has already been illustrated in Fig. 5.2. Here we give an
overview over the actually implemented timings of the individual constituents. Figure
5.5(a) shows the experimental steps run for every atom-photon entanglement attempt
which consist of the atom initialization, the actual photon generation and an idle commu-
nication waiting time. This sub-sequence is now integrated into the main experimental
sequence (Fig. 5.5(b)) which is repeated at a repetition rate of 160 Hz. The main sequence
starts by repeating a maximum of 40 times the atom-photon entanglement sub-sequence.
If Alice detected none of the photons, i.e. no success, the sequence jumps to utility tasks
such as atom cooling and beam power stabilizations. However, as soon as one photon is
detected, i.e. success, the sequence progresses to the connection attempts for atom B and
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Bob. Here dynamical decoupling is alternated with atom-photon entanglement attempts
to prolong the coherence time of atom A. We do this by attempting AP-entanglement up
to three times before applying one DD pulse. The combined sequence is repeated up to
14 times, thus there are in total 42 attempts and up to 14 DD pulses. If none of those
attempts succeeded, the sequence again proceeds with the aforementioned utility tasks.
Otherwise, the sequence jumps out of this loop and proceeds with the Bell-state mea-
surement which consists of a remapping Raman and the two-photon generation as will be
further explained in the following sections. In order to analyze the key distribution rates,
we keep track of how many attempts were conducted as well as how often the individual
sub-sequences succeed. Experimentally, the repeat-until-success-or-maximum-trials is re-
alized by using external sequence selectors to our field-programmable-gate-array (FPGA)
experimental control. The sequence is repeated a certain number of times. If however a
photon was detected, one of the external sequence selectors is triggered which starts the
next sub-sequence at a controlled time.

a, Atom-photon (AP) entanglement:

Zeeman pumper+ Zeeman ;Zc:gii?)n Communication
F=2 repumper (4us) cleanup (4ps) g (2us) waiting time (10pus)

b, Sequence:

SUCCESS Success
— A
40 14
atom A: AP
DD = Remap 2(;5::_25:)”” Power stabilizations +
3 [(28us) (80us) g (2115 atom cooling (remaining)
atom B: AP

- | |

NO success No success //(

Figure 5.5.: Detailed timing of quantum repeater sequence. a Sub-sequence which is run every time
atom-photon (AP) entanglement is attempted. b Combined sequence which runs at a repetition
rate of 160 Hz. Curvy arrows indicate conditional jumpers which act based on the success or failure
of the AP entanglement attempts.

5.3.2. Atom trapping and positioning

As was introduced in Sec. 2.3, the atoms are trapped in a two-dimensional potential. In
contrast to the experiments presented in Ch. 3, the polarization of the traps and their
depths was modified to account for the special needs of the repeater sequence. The red-
detuned A = 1064 nm trap depth was increased by a factor six while the intra-cavity trap
depth was increased by a factor three. The trap depths were not further increased due
to already significant heating of the cavity setup in the vacuum chamber. The deeper
traps result in a better loading rate and better trapping times. It also reduces the Lamb-
Dicke parameter [154] which enables more incoherent repumping attempts before atoms
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are heated out of the trap. At the same time, deeper traps allow to make the traps purely
linearly-polarized. The reason for this is not yet fully understood, but probably has to
do with the trap geometry [85]. Purely linear traps are important, as otherwise ground-
state cooling would be necessary for avoiding varying virtual magnetic fields which lead
to decoherence on a us timescale. Good ground-state cooling takes hundreds of us, so not
relying on it is crucial for fast atom initialization which is an important parameter for the
repeater scheme. The downsides of deeper traps are more heating of the setup, more off-
resonant scattering decreasing the maximally achievable coherence time to about 60 ms [63]
and an amplification of any residual virtual magnetic field due to non-perfect polarization
tuning. All of these downsides are experimentally manageable or not significant for the
timescales under investigation.

Minimum interatomic distance Here we test which minimum distance the atoms should
have in order to avoid cross talk via cross-illumination of the pumping and STIRAP control
pulses. To this end, we use the full repeater sequence including dynamical decoupling but
with a fake second atom at a given distance to the real one (see App. B). We also set the
number of trials on this fake atom to a specific number to see how the infidelity scales with
number of trials. Thus, this experiment tests all cross-illuminations, addressed or global
(but then far-detuned), and including coherence time. Figure 5.6(a) shows the fidelity for a
range of (fake) interatomic-distances with 42 initialization and atom-photon entanglement
attempts on the fake atom. For distances larger than 5 um a plateau is reached. As a safety
margin, we chose to only allow interatomic distances of > 8 um. Figure 5.6(b) shows how
the fidelity evolves for this distance with increasing number of trials. The decay is more
pronounced for the X-basis than for the Z-basis which is expected as superposition states
dephase with the first scattering event while eigenstates can undergo multiple scattering
events without depolarization. We also conclude that having about 40 trials is a reasonable
limit to stay in a high-fidelity region.
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Figure 5.6.: Infidelity due to addressing cross-illumination. a Fidelity evaluated in single-atom
experiment with applied cross-illumination of 42 pulses on a fake atom at varying distance. b Same
sequence with fixed distance of 8 um and varying number of trials.

Absolute atom position In the last paragraph we decided on the distance of the two
atoms. Here we discuss the absolute positioning. We observed that we have to tune
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certain parameters, mostly the intra-cavity trap power, depending on the atom position
to maximize coherence time. This is likely due to some residual virtual magnetic fields
which lead to dephasing if the atoms are not in their motional ground state. As only atom
A needs an extended coherence time, we circumvent this issue by fixing the position of
atom A and allow for a range of positions for atom B to increase data rate. The positions
are chosen so that the two atoms are on average centered within the cavity mode which
gives maximum efficiency of the photon production processes.

Image postselection While these restraints on the atom position are already checked
during run-time, we do also postselect on the acquired images. Additionally to the position
of the atoms, we also postselect on their width and the emitted fluorescence intensity.
Both parameters allow us to detect multiple atoms which are close enough to look like
one. We optimize these parameters by using the fidelity and data-rate obtained in test
measurements as a quantitative estimate for how good the postselection is. The survival
rate of this image postselection is on average 42 %.

5.3.3. Atom initialization

Each attempt to generate atom-photon entanglement starts with initializing the atom
in |i/) = |F =2, mg =0). For atom B, this has to be performed without disturbing the
qubit stored in |F = 1, mg = £1) in atom A. Thus, any optical field which addresses states
in |F = 1) near-resonantly has to be applied via the optical addressing system, while
light fields near-resonant to |F = 2) can be applied globally. For Zeeman pumping to
|mg = 0), we use a m-polarized global beam which is —56 MHz red-detuned compared to
the |[F =2) + |F' = 2) transition on the D line. In this configuration, the population
in [F =2 mg=0) is dark due to dipole selection rules. We chose the D line, as its
hyperfine splitting is larger compared to the D, line, so that nearby excited states do not
disturb the dark transition as much. By also fine-tuning the polarization of the beam
to be precisely w, we achieved a mg-selectivity in excitation probability of 1 : 2000 with
a typical depopulation of mg # 0 in 1 us. Due to the decay ratios of the excited states
(which are effectively equivalent for D; and Dy excited states), 50 % of every excitation
ends up in |F = 1) instead of |F = 2). Thus, the atom needs to be constantly repumped to
|F = 2) to have an efficient multi-step Zeeman pumping process. As motivated above, this
repumper has to be applied through the addressing system and is thus also m-polarized. It
is 35 MHz blue-detuned compared to the |F = 1) <> |F' = 2,mg = 0) transition on the D,
line. Here, the D, line was chosen because a significantly different wavelength compared to
the STIRAP control pulses would necessitate re-aiming of the addressing AOD due to the
wavelength-dependent deflection angle. The repumper in this configuration depopulates
|F =1)in 1.2 us (1/e time). Together, the Zeeman pumper and the repumper are applied
for 4 us. Afterwards, only the Zeeman pumper is applied for another 4 us but at twice
the power. This pulse is used to depopulate all mg # 0 states in |F = 2) as these would
otherwise emit a photon in the next step which reduces the fidelity. In the end, this
sequence prepares about 66 % in the desired state and takes only 8 us. While we could
apply the pumping sequence for longer to achieve better preparation efficiency, this would
also disproportionally increase the amount of cross-illumination via the addressing system
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on the other atom. Thus care has to be taken to not saturate the atom with the addressed
repumper but only repump as little as possible. Next to these figures of merit, which are
clearly important for the repeater as they directly influence the atom-photon entanglement
efficiency and fidelity, another experimentally important figure is the trapping time of the
atoms. Thus all parameters were also optimized to reduce heating of the atoms. In the
end, the trapping time for a single atom with an average number of trials (N) ~ 9 was 8s.

5.3.4. Atom-photon entanglement

We already gave a brief overview for the atom-photon entanglement process in Sec. 2.2.2.
The most important parameter for optimizing the atom-photon entanglement step is the
atom-cavity detuning A,c, as it determines the photon production efficiency and the cross
talk due to off-resonant scattering of the two atoms via the common cavity mode. Figure
5.7(a) shows again the atomic level structure and optical fields used for atom-photon
entanglement generation, however this time including qualitatively the AC-Stark shifts
due to the optical dipole traps (see App. A). In contrast to the memory experiment in Ch.
3, here mg = 0 is used so that also |F’ = 0) is of importance. The impact of that can be
seen in the efficiency (Fig. 5.7(b)) and the scattering probability (Fig.5.7(c)) for the AP-
entanglement process. As there is no allowed transition from |F’ = 0) to |F = 2), it cannot
contribute to the STIRAP process. However, cavity photons can still scatter from an atom
prepared in |F = 1). Thus, the efficiency dips at resonance to |F’ = 0) while the scattering
probability peaks. The same holds for |F'=2), as |[F =2, mg=0) < |F' =2, mg =0)
is dipole-forbidden. The optimal working point is thus far red-detuned or in-between
|F'=1) and |F' =2). Figure 5.7(b) already includes the photon production efficiency
for the BSM readout, which dips in-between these two levels. Thus, only being far red-
detuned is a viable option for having high efficiency and low scattering of the overall
process. From the analysis in Ref. [84] we know that being too far detuned is also counter-
productive due to an increased relative excitation probability of |’ = 3) which also cannot
contribute to the STIRAP process. We thus chose A,./2m = —200 MHz with respect to
|F' =1, mg = 1) which equals a detuning of 27 x —115MHz to the closest excited state
|F’ = 0). Experimentally we verified that this gives a decay in fidelity of 0.08 pp per
photon. As an additional example, at A,c/2m = 28 MHz this decay in fidelity is 1.8 pp per
photon.

Another potential concern for populating the cavity mode while one of the atoms already
stores a qubit is an AC-Stark shift due to a single photon in the cavity which could alter
the phase of a superposition qubit. While this number is theoretically already small for
the chosen detuning A¢/photon = 0.017 rad, in the repeater protocol employing BB84 it
should not be an issue at all, as only trials are of relevance where Alice and Bob measured
in the same basis. Thus if the first atom stores a superposition qubit, the second photon
will be projected on a linear polarization which induces no differential AC-Stark shift on
the qubit states.

One more experimental parameter which has to be chosen wisely is the shape and including
that the duration of the emitted photons. As the photons will just be detected on intensity-
sensitive photon counters, no mode-matching to external references is necessary [155].
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Figure 5.7.: Atom-cavity detuning for atom-photon entanglement. a Level scheme including AC-
Stark shifts of the excited states. b Efficiency of the photon generation processes including the
cavity escape efficiency. c¢ Scattering probability for a second atom in the same cavity mode
and prepared in one of the qubit states when the first atom emits a photon. Dashed vertical
lines indicate the position of the excited states |F’,mg = 0) and all detunings are with respect to
|F/ = 1,m|: = 1>

However, the photon shape still plays an important role for maximizing efficiency, for
minimizing the distribution of emission times Atap discussed earlier and for minimizing
the detection window relevant for the effective dark counts of the detectors. While the
latter two demand a photon as short as possible, the efficiency calls for a photon bandwidth
significantly smaller than the cavity bandwidth.

Figure 5.8(a) shows the control pulse we used and the resulting photon shape. Note
that we do not use a sophisticated control pulse but just a square-shaped pulse. The
reasons are that we do not need a specific shape, and experimentally relevant, that the
frequency chirp for actively shaped photons of the employed length and at a detuning of
271 x —160 MHz is larger than the bandwidth of the AOMs used for shaping the control
pulse. Thus the optical power varies significantly within the pulse which inhibits the
control of the accurately needed amplitude-phase relation of the control pulse. Choosing
a square control pulse fixes this as no frequency chirp is necessary because a square pulse
creates a constant AC-Stark shift.

In part (b) of the same figure, we analyze how the photon duration and thus Atap induces
an infidelity. To this end, we perform a single-atom experiment similar to Wilk et al. [58]
(see App. B). As expected, depending on the qubit oscillation frequency 24;, the impact
of the photon duration varies. The theoretical curves for the fidelity F are obtained via
6F = F — [, (e(t)*- F(t)dt)/AT, where e(t) is the amplitude of the emitted photon
and AT the range of integration. The curves are offset from 0 infidelity as for this test
measurement the length of the second (readout) photon was held constant at 7g = 0.32 us
which adds a 7-dependent infidelity.
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Figure 5.8.: Temporal shape of atom-photon entangled photons. a Control pulse and resulting
single photon shape for the generated photons. b Infidelity induced by too long photons with
respect to the qubit oscillation frequency 26;. This data was obtained with a corresponding single-
atom experiment (App. B).

5.3.5. Dynamical decoupling

The general scheme and the coherence time results have been extensively discussed in Ch.
4. Here we introduce how we apply this technique in the context of the quantum repeater
protocol. Currently the DD pulses can neither be applied atom- nor hyperfine-selectively.
Thus when they are applied to atom A, they also modify the state of atom B, which e.g.
affects the initial state preparation in |[mg = 0). Thus, the DD pulses can only be applied
before state initialization of atom B. Another aspect is how often a DD pulse is applied.
Here we chose to apply a DD pulse after every third trial on atom B (Fig. 5.5). This
results in not too many pulses to be sensitive to decoupling-induced infidelity but is also
often enough (every 100 us) to decouple from all relevant decoherence mechanisms. Last,
the qubit of atom A has to be independent, or at least independent up to a bit-flip, of
the number of trials on atom B. This is ensured by having the DD rotation axis aligned
with the qubit X-axis as described in the DD chapter. Thus, we only have to account for
bit-flips in the Z-basis which we do in a post-processing step.

5.3.6. Bell-state measurement

The Bell-state measurement (BSM) is performed by mapping the atomic qubits onto pho-
tons and performing a photonic linear BSM. As the qubits are stored in |F = 1) and the
cavity is close to resonance from |F = 1) <» |F’ = 0), one solution for the STIRAP readout
process is to go from |F = 1) to |’ = 1) as was done in previous experiments using this
level scheme [53,58]. However, as the control pulse is also resonant with the final state
of this process, it continues to produce photons which reduces the fidelity. To prevent
this, the control pulse is typically only applied for a short duration which results in a bad
efficiency. Also, the atom-cavity detuning is typically chosen to be 0 MHz so that dipole
selection rules turn off the process at least partly. This would lead to significant cross talk
between the two atoms which excludes this solution.



74 Quantum repeater node for quantum key distribution

Here we choose another solution, which is transferring the qubit to |F = 2) before reading
it via the already introduced readout of the memory scheme (Sec. 2.2.1). We perform this
transfer via a stimulated Raman transition for which we use two phase-locked lasers in two-
photon resonance. This Raman process executes the two transfers |[F =1, mg = —1) <
|F=2,mg=1) and |F =1, mg =1) < |F =2, mg = —1) simultaneously. It has the ad-
vantage of being magnetic-field independent in first order but also has the disadvantage
that it needs to be performed relatively close to resonance to the excited states [63] (Fig.
5.9(a)). One issue which arose which was not observed in our earlier work including this
transition is depicted in Fig. 5.9(b), namely a difference in Rabi frequency for the two
transitions, although both are in two-photon resonance. This effect has been reproduced
in simulations, and is due to the admixture of the Zeeman-detuned, unintended Amg = 0
transitions. The symmetry for the two transitions is broken by the sign of the Zeeman
detuning, and the magnitude of the admixture is given by the Rabi frequency and the
magnitude of the Zeeman splitting. Thus, experimentally, we tune the Rabi frequency to
minimize this effect (t; = 80 us) while still not being too sensitive to decoherence during
the driving.
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Figure 5.9.: Remapping Raman used for transferring the qubits from F=1 to F=2. a Level scheme
and light fields used to drive the stimulated Raman transition. b Rabi flopping and two-photon
detuning scan for relevant transitions. The color coding of (a) and (b) matches, which showcases
the different driving speeds of the two relevant Raman transitions.

In addition, due to the relatively small single-photon detuning of 27 x 400 MHz to both
excited state hyperfine manifolds, the probability to scatter incoherently is 7 % [63], which
reduces the efficiency and the fidelity of the process. In total, we achieve a remapping
efficiency of 90 % (original scheme: 10 % [53,58]), which makes it the solution of highest
efficiency. In order to compare the achievable fidelity, we again perform an experiment
similar to Wilk et al. [58] (see App. B) and obtain a photon-photon correlation fidelity of
about 94 % (original scheme: 89 % entanglement fidelity [53]).

After transferring the atomic qubits to |F = 2), they are mapped onto photons via the
already introduced readout of the memory scheme. As the cavity resonance cannot be
changed within the sequence, the relevant atom-cavity detuning for this transition is
A, /2w = —200 MHz, at which the theoretical photon generation efficiency is still 65 % in
contrast to the 69 % at A,./2m = —100 MHz in the memory protocol. As was discussed
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earlier, these two photons are then guided to a polarization-resolved detection setup where
a potential detection of ‘W§L> is heralded.

5.3.7. Detection setup: Alice, Bob and optical BSM

The purpose of a polarization-resolved detection setup is to give information on the pro-
jection of an incoming photon onto a given basis. This is achieved with a certain fidelity
which mostly depends on the extinction ratio € of the two basis-defining states on the
polarization-resolving element, most often a polarizing beam splitter (PBS). The infidelity
due to a finite € depends on the to-be-measured state. Distinguishing between a state
which is aligned with the detection basis (expected fidelity is 1) and a state which is per-
pendicular to the detection basis in the Bloch sphere (expected fidelity is 0.5), the infidelity
0F is given by:

1 1
6F| =17 AN
€ €
Ve . (5.13)
5FL = el

1+e Ve

Thus, in order to achieve small infidelities independent of the input state, the extinction
ratio € should be at least on the order of 10* so that the resulting error is at most 1 %.

In a real-world application, there would be three detection setups for this experiment,
namely two setups at variable distances playing the role of Alice and Bob, and a local
setup for the optical BSM. This would necessitate an optical switch between these different
options which can be switched on a tens of us scale while preserving A = 780 nm photonic
polarization qubits with high fidelity and high efficiency. Such a device is not commercially
available. First tests on a self-built switch based on a Mach-Zehnder-Interferometer are
promising but not yet ready for a demanding experiment like the one presented here. As
a workaround, we chose to use a single detection setup with fast polarization rotation
capabilities to allow having different detection bases for Alice, Bob and the BSM.

A picture and schematic of the resulting detection setup is shown in Fig. 5.10. Starting
at the incoupling fiber (,from atom®) the light first passes a A = 780 £ 1.5 nm bandpass
filter which is used for filtering background and intra-cavity trap light. Afterwards, the
light passes two waveplates which are used to compensate the birefringence of the single-
mode fiber leading from the atom to the detection setup. Note that two waveplates are
enough (in contrast to three in the memory detection setup, Ch. 3), as we only rely
on compensating the fiber up to an angle which rotates the qubits perpendicular to the
detection basis. In the projective measurement on the PBS, this angle has no impact.
Next is the key ingredient of the setup, namely a DC-coupled EOM with an efficiency of
99 %, a bandwidth of 100 MHz and importantly a polarization extinction ratio of better
than 1 : 1000. As the parasitic polarization component has a slightly different spatial
mode due to the birefringence of the EOM crystal, we could further improve this number
to 1: 10000 by coupling the output light to single-mode fibers. For switching between the
two detection bases (H,V) and (R,L), the rotation axis of the EOM needs to be aligned with
(D-A). This we achieve by having another two waveplates in-between the EOM and the
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PBS. Two waveplates are again enough for the above reason. The projective measurement
is performed on a PBS, again with extinction ratio better than 1 : 10000. This is achieved
by combining two PBS, as typically the extinction of a single PBS in reflection is limited
to < 1 :1000. After the projective measurement, the light is polarization-matched and
coupled to a polarization maintaining (PM) single-mode fiber which directs the light to
superconducting nanowire single photon detectors (SNSPDs) for maximum efficiency and
very low dark counts. In total, the efficiency of this detection setup is approximately
68 %, which is the product of the SNSPD efficiency including its fiber-fiber-connector
(0.9), the PM-fiber transmission (0.96), the free-space to fiber coupling (0.9) and the
remaining optical elements (0.88). The intrinsic dark count rate of the SNSPD is very low
(I4c = 1Hz) but intra-cavity trap light at A = 772 nm leaking through the bandpass filters
increases the effective dark count rate to ly. ~ 40 Hz.

Figure 5.10(c) shows an illustration of the operation of the EOM in the underlying
Poincaré-sphere. The EOM voltage is tuned so that upon application of a TTL signal
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Figure 5.10.: Detection setup used for Alice, Bob and the BSM. Picture (a) and schematics (b) of
the detection setup employing a DC-coupled EOM for fast detection basis switching. ¢ Poincaré-
sphere illustrating the EOM operation. If the input to the EOM is logical high, it rotates qubits
along the (R-L)-line onto the PBS projection axis ((H-V)-line). d Histogram of detected clicks
in SPD 1 and 2 and their ratio. For R-polarized input light, the mentioned rotation leads to an
extinction on the PBS of 1:10000. If the EOM is set to logical low again, the R-polarized input is
detected 50:50 in the (H,V) basis.
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the polarization is rotated by /2, which maps (R,L) — (H,V) and thus changes the de-
tection basis accordingly. In Fig. 5.10(d), the time histogram of the two detectors as well
as their ratio is plotted for R-polarized input light. With applied EOM voltage (,,TTL
high*), the input is rotated to H so that maximum extinction is achieved on the following
PBS. When the TTL is switched low, the polarization rotates back within 100 ns without
noticeable ripple effects as observed with other EOMs [156].

This setup thus allows to perform the BB84 measurements of Alice and Bob, as well as
the optical Bell-state measurement. For testing the repeater at different communication
distances, ideally different fiber lengths are used between detection setup and atom-cavity
system. This has the obvious disadvantage of experimental overhead for switching between
different lengths, but it also has the disadvantage that these losses affect the BSM in the
same way, which is not the case in the real repeater application. The same holds for
introducing artificial losses instead of using different fibers, where the losses simulate a
specific distance. We thus apply the losses electronically which allows to apply them
selectively for Alice and Bob but not for the BSM. Experimentally this is done by AND-
gating the photon clicks with a TTL signal which is only applied depending on the outcome
of a biased coin flip whose bias can be set to choose the loss-level (see App. D).

5.3.8. Magnetic field

Another important experimental parameter which has only been touched upon multiple
times now is the magnetic guiding field. It has an impact on the maximum driving speed
of the dynamical decoupling (Ch. 4), of the remapping Raman (Sec. 5.3.6), the optimal
photon duration (Sec. 5.3.4), timing accuracy within the sequence (Sec. 5.2.3) and also
influences the polarization gradient cooling. Taking these dependencies into account, we
chose a Larmor frequency of §; = 50kHz which is a good compromise between driving
speeds in the tens of us and timing accuracies on the order of 100 ns.

5.4. Experimental results

The presentation of the experimental results is straightforward. First we will show the
results of the repeat-until-success strategy, which is central to the repeater protocol. This
will also confirm the equivalent communication distances to Alice and Bob. We will then
discuss the yield or raw key rate of our repeater implementation. Afterwards, the most
uncertain but also most crucial part will be discussed, namely the performance of the
Bell-state measurement and the achieved quantum bit error rates. In combination with
the yield, this finally results in the presentation of the secret key rate.

5.4.1. Repeat until success

For the first time in this group, a single-photon generation process is combined with
a repeat-until-success-strategy. Figure 5.11 shows the success probability distribution for
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Figure 5.11.: Histogram of number of trials until success. Histograms for three different artificial-
loss scenarios with a maximum number of trials n* = 40.

atom A/Alice as a function of the number of trials N for three different introduced artificial
losses. As expected the probability distribution follows a geometric series (Eq. (5.6)).

For all distances, there is a residual contribution at N = 40 which signals that none
of the trials was successful as we try a maximum of n* = 40 times. Especially visible
for zero additional losses (Fig. 5.11(a)), this contribution is significantly larger than the
expected integrated probability P(N > 40). We attribute this to an imperfect image pre-
/postselection. If the addressed atom is lost from the trap, it can have already emitted
enough fluorescence to be registered as a valid atom and thus a valid image. The loss will
only be detected in the next image and the experiment stops. Obviously if the atom is lost,
no photons are generated and the sequence repeats the maximum amount of trials. For
the further analysis, we exclude these cases as they increase the amount of channel usages
and can be avoided by either longer trapping times or better classical image processing.
By doing so, the number of channel usages is reduced by factors (0.82,0.85,0.81) for the
three different artificial losses (0, 25, 50) %, respectively.

With this in mind, we use the probability distribution to evaluate the efficiency per chan-
nel usage p = nsnre /(L) and thus also the zero-distance photon sender and receiver
efficiency nT = nsnr. Additionally, we use these curves to calibrate the equivalent commu-
nication distance between central station and Alice/Bob in units of the attenuation length,
L/(2L;). From nt = 1/ (N(L = 0)), we get nT = 22 % which approximately matches the
product of the state preparation efficiency np = 0.66, the single-photon emission probabil-
ity ng = 0.65, the first fiber-coupling nrc = 0.85 and the detection-setup efficiency np =
0.68. Additionally we get exp(—L/(2L,)) = (1,0.744,0.541) = 1 — (0,25.6,45.9) % which
translates to L/L, = (0,0.591,1.23) for the three different artificial losses (0,25, 50) %,
respectively. We attribute the discrepancy between the setting of the artificial losses and
the actual losses to mechanical drifts in the optical pathway such as fiber couplings which
lead to a fluctuation of the actual losses.

At this point, we can also analyze the atom trapping times and duty cycle for the different
expectation values in number of trials (N). In basically all experiments presented so
far in this thesis and more generally this group, experimental trials consisting of state
preparation, manipulation and detection are interleaved with cooling of the atoms. Here,
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however, we perform up to 40 cycles per atom before going back to cooling. Heating
due to optical pumping then accumulates which eventually removes the atom from the
trapping potential. By optimization of the cooling and pumping parameters, especially
the detuning of the employed laser beams, we achieve trapping times of (8,5,4)s and
experimental duty cycles of about (25, 20, 15) % for (N) = (4.6,6.2, 8.6), respectively. This
poses an important limitation to the current scheme as it prevents us from going to larger
(N) and thus longer communication distances.

5.4.2. Raw key rate

After creating correlation between atom A/Alice and atom B/Bob, the Bell-state mea-
surement swaps this correlation to Alice/Bob. We find an average success probability of
the BSM of pgsm = (5.07 £ 0.03) %, which already includes the 50 % limitation of linear
optics BSMs [151].
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Figure 5.12.: Raw key rate analysis. a Raw key rate as a function of equivalent distance for differ-
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creasing n*. ¢ & d The same but without compensation of the BSM efficiency which falsely results
in even better scaling. In (c), this is visible in the dashed line being above the theoretical repeater
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In the following, we analyze the yield of the key distribution, which basically is the num-
ber of successful BSMs normalized over the combined number of channel usages for Alice
and Bob (see Eq. (5.10)). Figure 5.12(a) shows the achieved yield for the three different
examined equivalent distances and for three different maximum number of trials n* for
both Alice and Bob. We analyze the yield for different numbers of the maximum num-
ber of trials as it is fundamental to achieving the repeater advantage. For n* = 40, i.e.
effectively without limitation for the examined distances, the experimental results match
the underlying theory perfectly. At zero distance, the repeater yield compared to direct
transmission is reduced by the BSM efficiency (~ 5%) and the additional photon gen-
eration and detection (22%). Even at zero distance this disadvantage is already partly
compensated by the repeat-until-success strategy whose effect increases further for larger
distances and results in the advantageous repeater scaling. This scaling is highlighted in
part (b) of the figure which shows the slope of linear fits to the data of (a). This slope
resembles the rate-versus-distance exponent, the defining property for a quantum repeater.
For n* = 1, there is no repeating in the repeater, which results in a scaling exponent of
—1/L,, just like direct transmission. With increasing n*, the repeater advantage unfolds
and finally reaches the ideal repeater scenario with a scaling exponent —1/(2L;).

Note that for getting to these results, we have to compensate for a fluctuation in the
BSM efficiency pgsm. As the measurements are taken over multiple days, fiber-coupling
efficiencies were not completely reproducible. It happened to be the case, that pgsm
was relatively larger for data presenting larger communication distances, with the exact
numbers being pgsm.L = (5.00,4.97,5.24) % for L/L, = (0,0.59,1.23), respectively. The
effect of that can be seen in Figs. 5.12(c) and (d), where we show the same data as in (a)
and (b) but without this compensation. Obviously, the match between experiment and
theory is not as good and the experimental results even beat the ideal quantum repeater
scenario. Against this backdrop, we can be assured that our compensation leads to a
realistic estimation of the repeater performance which will be even more important when
analyzing the secret key rate later on. Experimentally, the fluctuation is compensated by
multiplying each depicted rate for a given distance with pgsm/pesm L where pgsm L is the
BSM efficiency corresponding to this distance.

As this analysis is crucial to quantum repeater performance claims, we detail the error bar
estimation for the presented data. The yield Y given in Fig. 5.12 represents a Bernoulli
trial with k ~ 10° trials per data point, with the exact number depending on n*. Thus,
the error bars are given by /Y (1 — Y)/k. In the next step, we want to faithfully in-
clude this uncertainty into the linear fits relevant for the data presented in Fig. 5.12(b).
We perform Monte-Carlo simulations assuming the data points (error bars) represent the
mean (one standard deviation) of a normally distributed random variable. We draw 1000
samples from these distributions, apply a linear fit to each individual set, and thus obtain
distributions for the slopes. From the slope-distributions, we obtain the mean and one
standard deviation which we finally plot in Fig. 5.12(b).
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5.4.3. Bell-state measurement and quantum bit error rates

So far, only the success of the BSM in terms of efficiency was relevant. For analyzing the
secret key rate, the fidelity of the BSM and the resulting QBER become of uppermost im-
portance. We found that the BSM fidelity largely depends on the detection-time-difference
o7 of the two BSM photon clicks. As we cannot investigate the BSM on its own, we analyze
the resulting QBER of the key distribution for Alice and Bob both measuring either in
the X- or the Z-basis. Remember that the BSM measurement is always performed in the
Z-basis. Figure 5.13(a) shows the achieved QBERs for both bases as well as the relative
number of clicks as a scan of 7. The shape of the number of clicks is given by the convo-
lution of the two photon temporal shapes. The most important feature is the qualitative
difference between the QBER in the Z- and the X-basis. While the QBER, for the Z-basis
stays low for all 7, the QBER for the X-basis rises significantly on the timescale of the
photon length. Remarkably, the QBER rises even above the classically expected value of
0.5. This indicates that there is a coherent origin to this process.
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Figure 5.13.: Bell-state measurement. a QBER and number of clicks for a given time difference of
the two BSM photon clicks. b Same data as in (a) when considering all clicks up to a given time
difference.

In the following we try to analyze this behavior. Additional measurements referenced in
this paragraph can be found in App. E. There are two possible approaches to this analysis.
Either the BSM is assumed to always herald the |W*) state and the observed behavior
is attributed to a phase evolution of the atoms in-between the two photon emissions of
the BSM. Alternatively, internal processes make the photons distinguishable which results
in the potential detection of the |W™) Bell state, as discussed in Sec. 5.2.2. In the end,
both approaches are compatible with the observed effects as only states in the X-basis
are sensitive to additional phases and only the X-basis measurements can differentiate
between |WT) and |W~). We further verified that the change in fidelity correlates with
the duration of the emitted photon. To this end, we repeated the same experiment with
two different control pulses resulting in characteristic photon durations of 0.15 us and 1 us.
Also for these durations, the QBER changes on the timescale of the photon duration. We
can thus exclude all effects which are uncorrelated with the photon duration or control
beam. Historically, a similar effect has been observed by multiple BSM or, more gen-
erally, photon-interference experiments [53,149,157]. Nolleke et al. [53] attributed this
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effect to the inhomogeneous broadening of the atomic transition by atomic-temperature-
induced fluctuations of the dipole-trap AC-Stark shift. This broadening leads to varying
single-photon detunings which result in different photon emission times. The photons thus
become distinguishable which reduces the interference contrast. While this analysis in-
principle also applies to our implementation, we employ a 10-fold increased single-photon
detuning (—200 MHz versus —20 MHz) and our atomic linewidth is smaller (10 MHz versus
14 MHz) so that we can quantitatively exclude this effect. Casabone et al. [149] attributed
this effect to a cycling, i.e. excitation and decay back to the initial state, of the atomic
population before emitting the second photon. This kind of cycling adds a 7w phase shift
to the atomic qubit with respect to the other atom which has already emitted a photon
without cycling. This explains the correlation with the time-difference of the two emis-
sions and thus the photon duration. From previous analyses [84], we know that the cycling
probability for our system depends on the single-photon detuning. We thus repeated the
same experiment with a single-photon detuning of +28 MHz and —150 MHz instead of
—200 MHz.While the performance at small 67 was worse due to more cavity cross talk (see
Fig. 5.7(c)), the qualitative behavior of the BSM was the same, though being less pro-
nounced especially for the +28 MHz case. While this makes it the most probable scenario,
the improvement seems too small so that we tend to also exclude this cause. The same
argumentation holds for control-field induced light-shifts on the atom, which lead to a
differential evolution frequency of the two atomic qubits in-between the two photon emis-
sions. These light shifts however also depend strongly on the single-photon detuning which
is why we would have expected a significantly reduced effect for the smaller detunings.
Lastly, the most recent experiment in the group of Ben Lanyon in Innsbruck [157] explains
this effect by residual frequency differences between the two spatially separated photon
emitters. In their case this seems reasonable as the photon duration is about 10 us so that
a frequency difference of 40 kHz is already sufficient to explain this effect. Such a frequency
difference, however, would not scale with the photon duration and thus does not match
our observations. Also, for our timescales, the residual frequency difference in the ground
states would need to be on the order of 1 MHz which we can exclude experimentally.

In conclusion, none of the presented explanations in the literature matches our experimen-
tal observations which remains an open question for future investigations. The robustness
of this effect over multiple platforms and the various regimes we examined suggests a more
fundamental origin than regular experimental imperfections. It is worth noting that the
exact emission mechanism of two atoms into the same cavity mode has not yet been de-
scribed theoretically. Currently, we believe that the effect is related to dark states of the
combined two-atom-cavity mode. Furthermore, a modeling that fully describes the tempo-
ral structure of the emitted electromagnetic field would give more insights. For instance,
an analysis with our newly-developed homodyne temporal mode analyzer [155] might give
further insights into this process. In a first step, this analysis could be applied to simula-
tion data. For the application on experimental data however, an optical switch would be
necessary so that the two atoms can still be well-prepared in a repeat-until-success strat-
egy using single photon counters as presented in this chapter. Otherwise, the efficiency is
too low to get measurements with significant signal-to-noise ratio in a reasonable amount
of time.

For the application of secret key distribution, we can avoid this effect for the moment
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by only using a maximum time-difference between the two photons clicks. The resulting
relative efficiency and QBER when taking all cumulative clicks up to a maximum time-
difference (< |07|) are given in Fig. 5.13(b). For achieving a maximum secret key rate,
the product of yield and secret-key fraction is optimized, i.e. the maximum J7 is chosen
so that n x rs(QBER) is maximized. The resulting QBER and 7 are given in Table 5.2.
This optimization is valid for the key distribution process as these are information which
can be made available to Alice and Bob during the classical post-processing step of the
key distribution process.

Table 5.2.: Overview of achieved QBER for examined distances and for different detection-basis
combinations for Alice and Bob. Additionally, we give the relative efficiency of the BSM due to a
limited usable time-difference é7 of the two photon detection events.

distance (L;) | Alice | Bob oT QBER relative efficiency n

0 X | X | 80ns | (83+05)% 0.12
0 X Z | 1400ns | (50+1)% 1
0 Z X | 1400ns | (53+1)% 1
0 Z | z | 250ns | (7.24£0.5)% 0.28

0.59 X X 70ns | (8.7+0.6)% 0.11

0.59 Z | Z | 290ns | (8.5+0.5)% 0.29

1.23 X | X | 40ns | (89+06)% 0.06

1.23 Z | z | 910ns | (9.2+0.5)% 0.46

Whenever Alice and Bob choose the same detection basis, we achieve a QBER below 11 %
by at least three standard deviations and thus demonstrate unconditional security for the
secret key distribution process. As expected from BB84, the QBER is about 50 % if Alice
and Bob measure in different detection bases. In the following, we analyze certain aspects
of the achieved QBER. In single-atom experiments using the in-principle same protocol
(see App. B), we achieve fidelities on the order of F = 96 % for eigenbasis measurements
(see also Fig. 5.6(b)). These infidelities are mainly due to incoherent scattering in the
remapping Raman (Sec. 5.3.6 and Ref. [63]), population cycling induced by scattering of
the far-detuned STIRAP control pulse [84] and residual polarization alignment errors (Sec.
5.3.7). For a perfect BSM and uncorrelated infidelities of the two atoms, this single-atom
fidelity F translates to QBERSs (see App. E)

2
e = 5(1+F—2F) ~7.8%. (5.14)

This is already within the range of achieved QBERs given in Table 5.2. On top of that,
cross talk during the repeated attempts on Bob’s atom further reduces the achievable
QBER. Upon analysis of the obtained data as a function of N and thus the amount of
cross talk, all results are within the error bars which are multiple percent for each individual
N. We can still try to derive an indication for the expectable cross talk from single-atom
experiments with simulated cross talk as we already depicted in Fig. 5.6(b). Here, a decay
in fidelity of few percent was observed for the number of trials relevant to our results. A
core contributor to achieving this slow decay in fidelity is the long coherence time due
to dynamical decoupling. For the largest communication distance, the average number of
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trials is about 9. At this point, qubits in the X-basis would have decayed to a fidelity of
about 87 % without decoupling. While with decoupling, the fidelity is still at 94 % and
only decays to 93% at 40 retrials (see also Sec. 4.3.2).

Additional to these single-atom processes, our implementation of a BSM relies on the
cavity to erase the which-atom or more generally the which-way information. For this,
both atoms need to emit the BSM photon simultaneously. When measuring in the Z-
basis, we do have the information which atom statistically emitted first. For example, if
Alice detected |1,) and Bob detected ||,), then this should have no influence on the time-
ordering of the two clicks in the BSM. If it did, we would have which-way information.
Indeed, we observe a correlation of 50.6 : 49.4 (ideally 50 : 50) between Alice/Bob’s qubit
and the time-order of the detected clicks. Thus, the cavity correctly erases the which-way
information. From this we conclude that the BSM itself operates with very high fidelity
in the small §7-limit.

Table 5.3.: Secret-key fraction and relative efficiency for examined distances assuming an unbiased
basis selection for Alice and Bob.

distance (L;) | secret-key fraction rs | relative efficiency 7
0 0.105+0.015 0.19
0.59 0.076 £ 0.032 0.20
1.23 0.062 4+ 0.043 0.26

We can now use the results given above to calculate the secret-key fraction rs as well as the
combined relative efficiency assuming both basis settings are used in a duty cycle of 50 %
(Table 5.3). Note that this is not necessarily the case as the so-called efficient BB84 [158]
predominantly uses the more efficient key-distribution Z-basis. For reasons of generality,
we will stick to the original BB84 scheme but keep in mind that this is a valid strategy
when it becomes important to beat a specific direct-transmission benchmark. The error
bar of the secret-key fraction follows from error propagation of the QBERs. Note that the
relative uncertainty of the secret-key fraction, drs/rs diverges for ex,z — 0.11 as r¢ — 0.
This leads to significant errors in rs and will become important for the error analysis of
the secret key rate in the next section.

5.4.4. Secret key rate

The secret key rate is the product of usable yield and secret-key fraction, both of which
have been discussed in the last sections. The experimental results are depicted in Fig. 5.14.
The analysis is identical to the one of the yield. There are two important differences. First,
the error bars are significantly larger compared to before. This is mainly due to the large
relative error of the secret-key fraction which translates directly to the relative error of
the secret key rate. Additionally, the amount of data is smaller for the secret key rate
due to the limit in é7 which also results in a larger error of the adjusted yield. However,
even with these significant error bars, Fig. 5.14(b) still shows the desired effect which is
the transition from a direct-transmission scaling to a scaling which shows the repeater
advantage. While the rate-distance exponent does not reach —1/(2L,) for large n* this
time, it is still significantly above the limitation fundamental to direct transmission. The
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reason for the worse performance compared to the results of the yield is the increase in
QBER and thus decay in rs with increasing distance. This also poses the final limitation
to the scalability of the quantum repeater as, eventually, rs will decrease faster than the
repeater advantage can compensate. Here however we managed to maintain a sufficiently
good QBER so that this is not yet the case. We do want to mention that this behavior
could also be achieved artificially by worsening the QBER, for small distances on purpose
which could even lead to a rate-distance exponent better than the ideal repeater scenario.
As the QBER in our implementation increases with distance, this unphysical behavior
is obviously not present. It just highlights again that there are many possibilities to
falsifying results and that care has to be taken when analyzing them. In the end, only the
demonstration of a secret key rate which unconditionally beats direct transmission will be
free of doubt.

For better comparability to a direct-transmission system, we here want to give a summary
of additional contributors to the key-rate which have been introduced over the course of this
chapter. First, on average only 43 % of the acquired data survive the image postselection.
In Sec. 5.4.1, we have described that we only use cases where the number of channel
usages is smaller than 40, which gives an additional factor of on average 0.83. In the same
section, we have introduced that the experiment runs with a duty cycle of on average
0.2. These three contributions lead to a bias in the observed key distribution rate of
Ckgr = 0.43 x 0.83 x 0.2 = 0.07 which has to be considered when investigating the real-
world performance. Additionally, all key rates so far have been given in units of bits per
channel use as it became a community standard and allows for better comparisons between
different experimental approaches. In our case, converting this to a rate in bits per time
is counterintuitive, as it does not depend on the transmission distance. Indeed, due to the
repeat-until-success strategy, basically every experimental run is successful. Together with
a fixed experimental repetition rate, the real-time yield is given by the BSM efficiency and
the experimental repetition rate, giving

bits

X [exp X ~ 0.05——— x 160
PBsSM exp X Ckgr attempt

bits

attempts .07 = 0.56°".

(5.15)
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In even more realistic implementations, this rate will be distance-dependent as the max-
imum number of repetitions will be limited which results in a probabilistic repeat-until-
success and also the experimental repetition rate should be dynamic.

5.5. Current limitations and future improvements for repeater
rates

As we have seen in the last section, the acquired data for the raw key rate matches nicely to
theory. This allows to analyze current limitations and make predictions on which measures
would improve by how much the achievable raw and secret key rates.

Raw key rate

Not taking into account the limited and decaying fidelities, the raw key rate is only bounded
by the Bell-state measurement efficiency (pgsm) and the number of trials Na, Ng which
are necessary to establish a key at a certain distance.

Figure 5.15 shows the raw key rate when either attributing all the losses to the commu-
nication channel (effective distance, a) or when only accounting the additionally added
losses to the communication channel (equivalent distance, b). Note that the latter was
used for the presentation of the results above. The blue-shaded region shows the current
maximum distance limited by the maximum average number of trials max((N)) = 9. This
number of trials equals a maximum total loss. Depending on which partial losses are
attributed to distance, this leads to different maximum communication distances. In the
current configuration (blue shaded region) the direct transmission could be beaten in the
effective-distance scenario when improving the BSM efficiency to about pgsym = 0.2 or
when increasing the average number of trials to 30. In the equivalent-distance scenario,
the BSM would need to be deterministic, or the average number of trials would need to
be increased to about 140.

In the current scheme, improving the BSM in the raw-key-rate scenario will be challenging.
While the so-called ,efficient BB84“ scenario [158] can nearly double the raw key rate,
this advancement would also need to be considered for the direct-transmission case. For
measurements in the Z-basis, potentially also BSMs yielding |®¥) could be used, as for the
Z-basis, the distinction between |®T) and |®~) is not necessary. However, the validity of
security proofs would need to be reconsidered, as the QBER cannot be verified for X-basis
measurements with these BSM results.

Even the change to an in-principle deterministic BSM using a two-atom gate [66] in
combination with a true single-photon source probably does not improve much, as also
these schemes suffer from non-perfect single-photon sources (n =~ 0.6), photon detection
(n = 0.7), reflection from the atom-cavity system (7 ~ 0.55) and losses in optical elements
like optical circulators (n ~ 0.6), resulting in a best-case efficiency of n =~ 0.14 which
would be an improvement of factor 3. A significant improvement could only be reached
by finding a truly deterministic BSM.

Neglecting cross talk and infidelities, the maximum number of trials on the two atoms
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Figure 5.15.: Raw key rate for direct transmission and quantum repeater The rate is compared
between direct transmission and a single repeater node with different Bell-state measurement effi-
ciencies pgsm. a Attributing all losses to the transmission channel. b Only attributing simulated
losses to distance as we have also done for the experimental results presented in this thesis. The
blue-shaded region shows the maximum average number of trials (9) currently usable in our setup.

is currently limited by heating of the atoms which leads to significantly reduced atom
trapping times with increasing number of trials. There are three ways to improve this,
either increasing the trap depths so that more heating is acceptable, or improving the
atom cooling so that heating is compensated, or reducing the heating caused by every
trial. Starting with the last option, this could be achieved by ,re-pumping* the atom
from |F = 1) to |F = 2) via a coherent process, such as a STIRAP or a stimulated Raman
transition. These would need to be Zeeman-selective to not empty the targeted final dark
state |F =2, mg = 0) which is at least partly possible by using magnetic-field-induced
frequency and polarization selection rules. Improving the cooling has been tried by many
PhD generations but is still an open challenge which would definitely be worth tackling
again. Increasing the trap depths in the current setup is possible but comes at costs which
have been discussed in Sec. 5.3.2. Alternatively, new trapping techniques can be used
which might remedy some of these costs [72].

Secret key rate

For the ultimate goal of beating direct transmission in secret key rate, fidelities or QBERs
have to be considered. Currently these give a secret key fraction of about 10 %, which
means that the advantage against direct transmission has to be increased by the same
amount (Fig. 5.15).

So far, the limited coherence time, re-trial-induced cross talk and detector dark counts
have been neglected. As this increases the parameter space significantly, not all aspects
can be discussed. We will thus just give an overview of the most likely scenarios.

Figure 5.16 shows the rate-distance behavior for the parameters obtained in this thesis
(see App. F) and for parameters which might be attainable in the future. For the secret
key rate, even the direct transmission has a maximum distance at which the rate decays
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abruptly due to detector dark counts increasing the QBER. This limitation only appears
later for the repeater case, as every sub-link has a significantly higher success probability.
For the repeater, the main limitation is its starting fidelity and its coherence time. Here
we defined coherence time as the decay in fidelity for the repeater application, thus it
also involves cross talk per trial. One conclusion from the simulation presented in this
Figure is, that direct transmission cannot be beaten with the current parameter set for
any distance, neither in the ,equivalent distance“ nor in the ,effective distance“ scenario.
Significant improvements would involve doubling the coherence time, doubling the BSM
efficiency and improving the overall starting fidelity by 2 pp, either by improving the atom-
photon entanglement process or by improving the Bell-state measurement. Combined,
these measures would allow to beat the direct transmission in both loss scenarios. Note
that it becomes harder to beat direct transmission if dark counts would be reduced as
the repeater does not run into the dark-count limitation yet. In any case, the number of
maximum repetitions will need to be increased significantly, as the direct transmission can
only be beat for on average 100 — 200 trials, depending on the loss scenario.
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Figure 5.16.: Secret key rate obtainable with direct transmission and with a single repeater node
assuming a variety of parameters. Just like Fig. 5.15, (a) and (b) show the rate when attributing
all losses to distance or only considering additional losses, respectively. Compared to Fig. 5.15
rates are reduced by a factor of 2 because two modes per trial are necessary for establishing a
secret key. Coherence time assumes that there is no other decoherence mechanism like cross talk
which depends on time or number of trials. The parameters used in the simulation are detailed in
App. F.

Improvements in fidelity might be expected by performing the photon production processes
at the D line of 8Rb, as the larger hyperfine splitting of this excited state manifold should
lead to less scattering and cycling [84] at the cost of reduced efficiency though. Another
source of infidelity is the ,remapping”“ Raman. Alternative schemes involving other Raman
transitions have been considered but no obvious better solution could be found. A possible
solution would be using microwave instead of Raman transitions if a future upgrade to the
experiment enables high-Rabi-frequency microwave transitions. After all, a second cavity
could help so that no ,remapping® is necessary at all (App. C).

The coherence time is currently mostly limited by the employed dynamical decoupling se-
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quence and by cross talk induced by the repumping light field which is applied through the
addressing system. The former was discussed in Ch. 4 and should be straight forward to be
improved. The latter would require another iteration of improving the spatial addressing
profile, probably in combination with optical tweezers for deterministic positioning at a
certain interatomic distance.

One major drawback of the current scheme or rather the current level of understanding
is the limited usable time difference of the two BSM photons in the X-basis detection, see
Sec. 5.4.3. Solving this issue would increase the secret-key-rate in this basis by a factor of
4 — 5. However, this effect is not considered in Fig. 5.16 and would need to be addressed
additionally. Other possibilities for increasing the BSM efficiency have been discussed
above already.

5.6. Summary and outlook

We have realized a quantum repeater node for quantum key distribution that beats the
rate-versus-distance scaling of direct transmission. We have achieved the necessary quan-
tum bit error rates to proof unconditional security against any possible attack by adversary
eavesdroppers. The core achievements towards this goal were, first, the implementation
of a repeat-until-success atom-photon entanglement generation which is fast and has high
fidelity. Second, the long-lived preservation of the entanglement via dynamical decoupling
and third, a high-fidelity Bell-state measurement.

The outlook on achieving higher rates including opportunities for higher fidelities has
already been given in the last section. However, there are additional avenues for future
research. Most importantly, research should be directed in transitioning from quantum key
distribution to long-distance entanglement distribution. To this end, quantum end-nodes
are necessary which utilize heralded qubit memories instead of classical photon detectors,
just like recently demonstrated in a neighboring laboratory [62]. Their heralding efficiency
of 11 % matches a 90 % loss scenario and thus would require a five-fold increase in maximum
number of trials or improvements in the heralding efficiency, e.g. by using superconducting
single photon detectors. Their achieved process fidelity of 95 — 98 % in combination with
the achieved QBER in this thesis should already be enough to beat the CHSH inequality
[24] limit of F > 86 %, however it might require atomic readout of the stored qubit
for higher data rates. The biggest experimental obstacle is probably the trapping time
and resulting duty cycle of four simultaneously trapped atoms, which has been discussed
previously in this thesis. The same obstacle exists for the pathway of increasing the
number of qubits within the repeater node. The goal of this would be to implement
entanglement distillation after multiple entangled pairs have been created, very much
following the seminal proposal by Briegel et al. [35]. To this end, of course, an efficient
distillation scheme would be necessary. While multi-qubit gates, the core ingredient to
distillation, have been demonstrated for atoms within a cavity [66], their efficiency and
fidelity currently does not allow for scaling to many operations. The most promising
avenue for implementing high-fidelity gates on neutral atoms seems to be utilizing Rydberg
states [159]. The combination of cavity QED for atom-photon interactions and Rydberg
excitations for atom-atom interactions thus seems a promising research opportunity.
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Alongside these fundamental research opportunities, also technological issues should be
tackled. The most obvious disadvantage of the current implementation is certainly the
combination of Alice, Bob and the optical BSM in a single detection setup. For demon-
strations in the field, the development of high-fidelity and fast switches for single photon
polarization qubits are necessary. While there are some commercial options, none of them
have shown to fulfill our demands. Thus, the development and potential commercializa-
tion of these switches would be a valuable contribution for our laboratory and also the
community. Another inconvenience of the current implementation is the overall stability
and supervision necessary to obtain consistent and high-quality results. For example, in
the current implementation, the exact timing of the atom-photon entanglement attempts
needed to be retuned about every hour, so that Alice and Bob’s qubits are properly in
phase. To this end, better passive and potentially also active stabilization of beam point-
ings and powers would be a valuable improvement. Similarly, while the implemented feed-
forward on the magnetic field largely compensates AC fluctuations, mu-metal shielding
could improve the DC stability of magnetic fields which also contribute to the accurate-
ness of rephasings.



6. Summary and outlook

In this thesis, we have realized the evolution from a single atom inside a high-finesse optical
cavity for quantum information processing to multiple, individually usable atoms within
the same cavity. To this end, we have identified the fundamental processes leading to cross
talk between the individual atoms. By optimizing the experimental setup and choosing
experimental parameters carefully, we could reduce cross talk to a negligible level and
thus make the transition from 1 to n atoms. Further scaling beyond the experimentally
implemented n = 2 is now mostly technological. Especially crucial for reducing cross talk
are two mechanisms. First, classical light fields need to be focused onto individual atoms
with as little as possible cross-illumination. This we achieved by the combination of a
high numerical aperture objective and an acousto-optical deflector for steering the beam
to the target atom. At the same time, the atomic positions need to be chosen so that the
still finite beam size interacts only with a single atom, eventually limited by the size of
the cavity. Second, although both atoms are in-principle coupled to the cavity, quantum
light fields in the cavity mode should only interact with the target atom. To this end,
incoherent processes which act on all atoms have to be minimized. This is achieved by
detuning the cavity from the atomic resonance while developing quantum processes which
also work reliably at these elevated detunings.

Having minimized these unwanted effects, already with two atoms, we could extend the
single-atom qubit memory developed in this group to a random-access two-qubits mem-
ory. We could largely maintain the performance of the single-atom implementation, i.e.
a combined write-read efficiency of 26 %, fidelities of about 96 % and a coherence time
approaching 1 ms. We have demonstrated multiple random-access patterns and handled
up to 11 individual photonic qubits in a single experiment, with still negligible cross talk.
Although we observed basically no cross talk, the access-time to any memory of currently
40 ps, limited by the AOD sound propagation time, in combination with the observed
coherence time poses a limitation on how many operations can be performed on one atom,
while the other atom already stores a qubit.

To overcome this limitation, we developed a novel dynamical decoupling scheme for qubits
encoded in Zeeman-states of the same hyperfine manifold. This scheme extends the co-
herence time beyond 20 ms in an application-ready scenario. To this end, we implemented
a stimulated Raman transition which connects states with Amg = 2 while operating at a
single-photon detuning of many THz. While this transition normally destructively inter-
feres due to transition paths via multiple excited states, we could bypass this limitation
by performing two Amg = 1 transfers simultaneously. This Raman configuration was the
enabling technology to perform up to 100 m—pulses with high fidelity.

The combination of the aforementioned achievements enabled us to experimentally demon-
strate a quantum repeater for quantum key distribution for the first time. This included
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the distribution of photons which are individually entangled with the two atoms in a
repeat-until-success strategy. Here, the extended coherence time is important so that the
two probabilistic photon transmissions can be synchronized. As the two communication
parties Alice and Bob measure their arriving photons according to the seminal BB84 pro-
posal, they each deterministically share a highly correlated state with the central repeater
node. As both atoms are coupled to the same high finesse cavity, we can employ a Bell-
state measurement which erases the which-atom information and swaps the correlation
so that afterwards Alice and Bob share these highly correlated states which they can use
to establish a cryptographic secret key. As a result of the cross talk elimination and the
extended coherence time, we were able to perform high-fidelity operations which finally
lead to a quantum bit error rate of below 11 %, the fundamental threshold for providing
quantum key distribution which is unconditionally secure based on the laws of quantum
mechanics. The motivation for quantum repeaters is beating the key distribution rate Alice
and Bob would get via direct quantum communication with one another. We accomplished
observing the expected rate-versus-distance scaling improvement which is fundamental to
the quantum repeater operation. However, in its current implementation, we were not
able to beat the direct transmission key rate in absolute numbers. Finally, we have given
an extensive outlook on how the achievable absolute key rates can be improved in future
implementations.

The outlook on future research opportunities can be divided into two parts. First, the
development of additional tools which further advance the control in the multi-atom single-
cavity platform and second, new protocols which are enabled by this level of control.

The most obvious extension of this platform is scaling to more atoms. As we have already
discussed in Sec. 2.6, this can be achieved by atomic tweezers or multi-dimensional optical
lattices. Most importantly, the atomic trapping time needs to be increased so that proto-
cols involving more than two atoms, potentially also distributed over multiple cavities in
a network, can be implemented reliably.

For maximum flexibility on which protocols can be implemented on multiple atoms, there
are still some capabilities missing which have been implemented before on single-atom
systems. Most prominently, this is the ability to perform stimulated Raman transitions on
individual atoms. While we did perform coherent processes via the implemented addressing
system, all of them were adiabatic. For example, the stimulated Raman configuration
presented for dynamical decoupling could also be used for single qubit gates. As it operates
at very large detunings, it would be sufficient to only address one of the two Raman beams
onto an individual atom, while the other is applied commonly. The downside of stimulated
Raman transitions is that they are more sensitive to power fluctuations and thus require
an even better level of control. However, this is a purely technological effort which has
been addressed before in other systems [160] and which is already in development in a
neighboring laboratory.

While we have been focusing on quantum communication and quantum networks, each
network node needs at least basic computation capability to fulfill the demanding re-
quirements of the following and many other protocols. To this end, high-efficiency and
high-fidelity multi-atom gates are necessary. While multi-atom gates have been demon-
strated on a very similar setup [66], they neither had high fidelity nor were highly efficient.
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Although the cavity offers a powerful tool for collective effects on multiple atoms, schemes
employing photons will never be fully deterministic. Consequently, I believe that research
should go in the direction of combining highly interactive Rydberg states with single atoms
in optical cavity QED. While the Rydberg states will probably be influenced by the close-
by cavity mirrors, in contrast to ions [161], this interaction can be controlled and only
needs to be ,on“ during a gate operation. Achieving this ability would complete the seven
DiVincenzo [94] criteria and ready this platform for basically any protocol.

Instead of describing basically any protocol, we will restrict ourselves to the ones which
are enabled by combining a multi-atom register with a high-finesse cavity.

A rather simple use-case is operating on multiple atoms simultaneously, by performing
previously demonstrated protocols in a multiplexed fashion. This effectively increases the
experimental repetition rate without duplicating the whole experimental setup.

In 1997, van Enk et al. proposed a protocol which already works with two atoms per cavity,
demonstrates a small quantum network and achieves ideal quantum communication over
lossy channels [108]. Here, one atom of the register is used for communication while, in a
simplistic picture, the second atom is used for backups in case the transmission fails. In
contrast to quantum teleportation [27], it does not rely on pre-shared entanglement and
requires no complete BSM to be deterministic.

Another major step would be the realization of entanglement distillation [162,163] which
has only been demonstrated once in a network setting, though with limited success [164].
Each of the atoms would store one part of a low-fidelity entangled pair. By entangle-
ment distillation, the number of entangled pairs is reduced but the entanglement fidelity
increases. In our case, entanglement could be generated either via direct transfer of the
photon of an atom-photon entangled pair, or via overlapping two photons on a beam
splitter [165]. Entanglement distillation is a core ingredient to the scalable and universal
quantum repeater proposal by Briegel et al. [35], and would thus elevate our implemented
quantum repeater for quantum key distribution to scalable entanglement distribution.

The combination of a highly efficient atom-photon interface and atom-atom computing
capabilities also offers promising avenues for the development of distributed quantum
computing. For today’s quantum computers, it will be difficult to significantly increase
the number of qubits in a single monolithic setup, independent of its physical implementa-
tion. The connection of multiple smaller computing modules could remedy this obstacle.
To this end, basically small quantum computers would be integrated into the optical cav-
ity. These can then be combined via gate teleportation [166] or the latest achievement of
our group, a non-local quantum gate [33]. While these schemes already promise universal
quantum computation with two qubits per cavity only, scaling to more individually ad-
dressable atoms will be necessary to fully leverage the promised quantum advantage. Thus
our work has implemented one corner stone, with more to come, for bridging the gap be-
tween quantum communication and quantum computation, which brings useful quantum
networks one step closer.






A. Detailed level structure of the 8’Rb D,
and D; lines

Here we give the AC-Stark shifts relevant for the Repeater experiment in Ch. 5. The
AC-Stark shifts in Ch. 3 are so small that they can be neglected.
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Figure A.l.: Level scheme. Numbers denote the calculated AC-Stark shift in MHz. Within the
D, and D; manifolds, the shifts are depicted to scale. Additional Zeeman shifts on the order of
100 kHz are not shown.
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B. Single-atom characterization experiment
similar to Wilk et al. [58]

In order to test most of the components of the quantum repeater protocol, we perform
a single-atom photon-photon entanglement experiment. After all, the repeater protocol
essentially realizes two times photon-photon entanglement with a Bell-state measurement
on two of the four photons.

The procedure is depicted in Fig. B.1. After each of the four steps, the atom-photon/photon-
photon states are:

1

LIWhae = 5 (1T R) = L ).
2V = = (LR =11 D).

3.¥hap = 5 (1be2 R) = €12 1)

4.1 W)pp = — (€5 |LR) = &* -1 |RL))

assuming a single DD pulse imprinting a phase ¢ and accounting for the total storage time
between the two photon emissions tpp in the last step.

1. Atom-photon 2. Dynamical 3. Remapping 4. State
entanglement decoupling Raman readout
D2
gt A=190nm A "
D1 -7
F=2
F — 1 -—— -—— - - -
mp= -2-10 1 2 -2 -1 0 1 2 -2-10 1 2 -2 -1 0 1 2

Figure B.1.: Atomic level scheme and logical order for testing major components of repeater
sequence.
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Then the fidelity with a given Bell state, e.g. ‘ W,'{L>, can be measured and used for analyzing
certain aspects of the scheme. The fidelity is given by:

(1 — COS(¢ — 25|_t'pp)) . (B.l)

N -

1) o 2
F = ‘<W|'{L|ll/pp>‘2 = 2 ‘e’(SLtPP _ el®=iditep|”

Thus this allows to investigate the distribution of | tpp as well as the impact of ¢ intro-
duced by the decoupling pulses.

In addition to investigating the fidelity, it also can be used for testing the efficiency of
individual processes such as the initial state preparation, the remapping efficiency or the
photon production in step 4 after the heralded state preparation by the photon in step 1.



C. Additional repeater level schemes

Here we present additional ideas for which atomic level schemes could or could not have
been used for the repeater protocol. Generally, the motivation was to increase the fidelity

via high-fidelity operations or to ease state preparation by having the initial state in
|F=1).

One promising possibility for increasing the overall fidelity is to replace the ,remapping
Raman®. To this end, only high-fidelity Raman operations should be involved, which are
limited to Amg = +1 transfers. One option uses a c*-STIRAP which unfortunately does
not work as is displayed in Fig. C.1. The reason is that the two arms of the c*-STIRAP can
also drive two-photon transitions within |F = 2). Another option we considered is using
a time-bin encoding for the readout photons. Typically, measuring time-bin photonic
qubits is experimentally challenging, as the two components of the time-bin need to be
overlapped in an interferometer. However, as the BSM only needs to measure in one
detection basis, e.g. (|12), [z)), measuring early (|e)) and late (|/)) individually would have
been easily possible. The tricky part is then to map the atomic states |F =1, mg = £1)
to |e) and |/), which is depicted in Fig. C.2. While the scheme only uses high-fidelity
Amg = +1 transfers, it requires a total of five of them. Due to its complexity, we did not

1. Atom-photon 2. Remapping 3. State 3. Simultaneous
entanglement Raman readout bad Raman
D2
B 2=790nm
) / \ /\ /\
F=2 -
F — ]_ -—— -——
mp= -2-10 1 2 -2 -1 0 1 -2 -1 0 1 -2 -1 0 1 2

Figure C.1.: Only using high-fidelity gate operations. Here, the idea was to only use high-fidelity
intermediate remapping Ramans so that the overall fidelity can be improved. To this end, we
employed a far-detuned Amg = +£1 transfer which also maps from |F =1) to |F =2). As the
readout STIRAP has to end in the same final state for both atomic states, a c*-STIRAP control
beam was supposed to bring the population back to |F =1, mg = 0). Unfortunately, this control
beam also drives intra-hyperfine transitions via |F =2, mg = 0). While this can be avoided by
increasing magnetic fields and making the photon longer (both effects increase Zeeman selectivity),
we ran simulations and verified experimentally that this never results in a sufficient fidelity.
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3. State 4. Population 5. Multiple 6. State
readout swap remappings readout
D2
T 2= 1%00m g
D1 5
1 2
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Figure C.2.: Using time-bin photonic qubits. We skip displaying the usual atom-photon entangle-
ment and dynamical decoupling step. In order to produce time-bin photons and leave no informa-
tion on the atom, the final state of the atom has to be independent of its initial state. 3. In the
early-bin (|e)) generation, |1, 1) is first transferred to |2,2) which afterwards produces a photon.
4. The two populations are swapped. 5. Similar to (3.), |1,1) is transferred to |2,2). |1, —1) is
transferred selectively to |1,1) so that both atomic initial states lead to the final state |1,1). 6. The
late-bin photon (|/}) is produced. Green arrows act on the early time-bin qubit, blue arrows act
on the late time-bin qubit, except of step (4) where they act on both.

try this scheme experimentally. Additionally, it is not clear whether the phase of atomic
superposition qubits is transferred correctly to the generated time-bin photon. Although
the photon would be analyzed only in its eigenbasis, the phase might still be important
for the Bell-state selection of the BSM.

The final state of any protocol can never be in the |F = 2) manifold, because atomic excited
states in |mp = 0) can decay to multiple ground states (|F = 2, mg = {0, & 2})) while still
emitting into the o cavity modes, thus the cavity needs to be resonant starting from
|F =1). At the same time, the initial and the final state of a STIRAP should always be
far-detuned to automatically stop the process after a single photon. The combination of
these two effects makes it impossible to use |F = 1, mg = 0) as the initial state when using
only one cavity. Figure C.3 shows a potential scheme using two separately tunable cavity
modes, which has additional benefits. This scheme does not need remapping between
|F =1) and |F = 2). It can use state initialization in |F = 1), where Zeeman pumping
is significantly easier. Additionally it uses two separate cavities for the long-distance
transmission to Alice/Bob and the local detection (BSM), so that there is less need for
a photon switch. We simulated the dynamical decoupling in |F = 2), and it should work
just the same way. As a side remark, the single-photon detunings would have to be chosen
differently, so that only one cavity is in two-photon resonance at any given time.
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Additional repeater level schemes

1. Atom-photon
entanglement

D2
D1
F:2 - -——
F=1
mp= -2-10 1 2

2. Dynamical 3. State
decoupling readout
A
A =790nm

-2 -1 0 1 2 -2 -1 0 1 2

Figure C.3.: Potential future scheme with two cavities. The first cavity is used for atom-photon
entanglement and is resonant starting from |F = 2). The second cavity is used for atom-readout,

and is resonant starting from |F = 1).



D. Electronics used in repeater project for
dynamic experimental sequence

FPGA reset

FPGA
-input BSM

Figure D.1.: Electronics for quantum repeater protocol. a Wiring of the components for dynami-
cally running the repeater sequence based on photon clicks. A microcontroller (Arduino DUE) is
used to generate random numbers. Based on a biased coin flip, the microcontroller gates the single
photon detector (SPD) counts via an AND-gate. As all signals are 50 Ohm terminated, duplicators
have to be used to direct the signal to different components. A time-to-digial converter (QuTools
QuTau) records the timestamps of the photon clicks which are attributed to Alice, Bob or the op-
tical BSM. The counter counts until 1, which is when it outputs a signal to enable the AND-gates
leading to external sequence selectors of the FPGA. b Timing sequence of the FPGA elements used
in (a). First, the FPGA resets the photon counter. Afterwards, the counting is enabled only for
the time in which photons are expected, which effectively reduces dark counts. The FPGA-select
for actually triggering the next sequence is run independently of the photon arrival time at a fixed
timing, so that there is no jitter in the run-time of the sequences. The pulse heights are different
only for illustrative purposes.

FPGA
-select i

FPGA count
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E. Additional QBER investigations
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Figure E.1.: Additional measurements for BSM investigation. a & b A,./27r = —150MHz. ¢ & d
A, /21w = —150 MHz, shorter readout photon. e & f A,./2m = —150 MHz, longer readout photon.
g & h A, /27 =28 MHz. (b, d, f, h) shows the integrated results of (a, ¢, e, g), respectively.
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Additionally to the final results presented in the main text, Fig. E.1 shows measurements
of the quantum bit error rate (QBER) for different experimental parameters.

One result which was used in the main text (Eq. (5.14)) is the combination of two photon-
photon entanglement experiments which basically form the heart of the repeater protocol.
Here we will briefly derive the aforementioned equation. We will assume a perfect Bell-state
measurement and uncorrelated infidelities for the two separate entanglement processes.
The photon-photon state is given by:

poni = Pi W) (W] + %Hm (E.1)
where i = A,B is an indicator for the different atoms and p; is connected to the photon-
photon entangled state fidelity via:

Fi= (U ppps [0y = TP (E.2)
Next, we combine A(lice) and B(ob) to the four-qubit product state:

Ppppp = Ppp,A @ Ppp,B- (E.3)

Here, the first qubit is atom A, the second is Alice, the third is atom B and the fourth is
Bob. At this point, just looking at Alice and Bob, the density matrix is the completely
mixed state:

1
pan = Jla. (E.4)

Next we measure the two atomic qubits within the repeater station in the Bell basis. To
do so, we apply a controlled NOT-gate (the control is atom A and the target is atom B)
and project the two atomic qubits to a specific state. Without loss of generality, we choose
one of the four possible outcomes (|1x1;)), which results in the two-qubit density matrix
for Alice and Bob:

1— paps 0 0 0
1 0 1+ paps  —2paps 0
_1 _ E5
PAB=2 1 0 2paps lipaps O (E-5)
0 0 0 1— paps

Assuming the same fidelity for both single photon-photon entangled states (pa = pg), the
(in)fidelity with the Bell state is then given by:

1
F=3(1L-2F +4F)), (E.6)

2
e=1-F=3(1+F-2F7). (E.7)



F. Details on simulation for quantum
repeater

Here we give a brief overview how the formulas derived in Luong et al. [75] have been used
to obtain the simulation results in Sec. 5.5.

Luong et al. define the coherence time T, via a dephasing channel on the input density
matrix p:

pr= (1= Adp)p + AdpO3p0s3, (F.1)
1—et/T
Adp = ———5—— (F.2)
Note that this assumes F(t = 0) = 1. For a linear polarization input this gives:
_1/1 1 ;[ 12 et
F=3 <1 1) = (e—t/Tz 1/2 )" (F.3)
1+et/T2

F=(W|p W) =1-Agp = (F-4)

2

Although our results in fidelity do not follow an exponential, comparing the 1/e value gives
T> ~ 20 ms. However, in our situation, this dephasing channel applies to qubits prepared
in the X- as well as the Z-basis, as the dephasing is mostly given by imperfections of the
dynamical decoupling pulses. We thus modify the theory so that also ez = ex(t) decays
with time. Note that by choosing T, = 20 ms, we neglect any additional cross talk which
would also scale with time/number of retrials.

Next we consider the reduced starting fidelity of the atom-photon entanglement as well
as the Bell-state measurement fidelity. While the authors do not consider a reduced
starting fidelity, we absorb all static, i.e. time-independent, infidelities in the BSM fidelity.
This has also practical reasons, as we can not quantify the BSM fidelity on its own.
For approximately matching our experimental results on the obtained QBER, we get
Fesm = 0.94.

Parameters which we use are:
e preparation time T, = 10 us
e preparation success 7, = 0.66
e detection efficiency ny = 0.68

e atom-fiber generation/coupling efficiency 1. = 0.55

attenuation length L, = 1.1km
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e dark count rate 4. /detector = 20 Hz

e detection window dt = 0.5 us.
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