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Abstract

Coherent light-matter interfaces in atomic ensembles at room-temperature have been studied
for decades and have been found to be suitable systems for applications such as magnetome-
try and frequency references. In particular, warm atomic ensembles are favoured due to their
experimental simplicity over cold quantum platforms. At the onset of the second quantum
revolution these systems are also receiving much attention as a platform for non-classical
light generation and quantum memory for light. Studies are often focused on either proba-
bilistic single-photon generation or fast, high-bandwidth memories with short memory time
for external photon sources.

This thesis presents an investigation of on-demand single-photon generation following the
DLCZ scheme in a warm caesium vapour. As a novel approach we employ the long-lived
collective spin mode in an anti-relaxation-coated cell to extend the memory time by orders of
magnitude beyond previous demonstrations.

Initially attempting on the Do spectral line we show that single-photon readout in this
configuration is prohibited by four-wave mixing. When changing to the Dy line, the interaction
is performed at the magic detuning where four-wave mixing is strongly suppressed. In this
configuration we are able to achieve single-photon generation and retrieval with a conditional
anti-bunching of 0.20 + 0.07 for the readout field. The cross correlation between heralding
and readout fields reaches 10 + 1 which is highly non-classical and sufficient for quantum
entanglement generation. The correlation remains non-classical for a memory storage time up
to 0.68 £0.08 ms. The performance of the source-memory system is limited by a combination
of imperfect initial state preparation and readout noise induced by atomic decay.

This work shows that the long-lived collective spin mode of room-temperature atomic
vapours can be utilized as a narrowband single-photon source with built-in memory. Such
devices could find application in quantum information and communication based on single
photon interference where the memory capability can enhance photon coincidence rates or

long-distance entanglement generation probability.



Resumé

Koherent vekselvirkning mellem lys og stof i atomare ensembler ved stuetemperatur har
vaeret undersggt gennem artier og er fundet egnede fysiske systemer til anvendelser sasom
magnetometri og frekvensreferencer. Seerligt er varme atomare gasser at foretrackke frem for
kolde kvanteplatforme pga. deres eksperimentelle enkelhed. Her ved begyndelsen af den an-
den kvanterevolution vokser interessen for disse systemer som en platform til generering af
ikke-klassisk lys og til kvantehukommelse for lys. Studier fokuserer ofte pa enten probabilis-
tisk generering af enkeltstaende fotoner eller hurtige, bredbandede hukommelser med kort
hukommelsestid i sammenhseng med eksterne fotonkilder.

I denne afhandling praesenteres et studie af on-demand generering af enkeltstaende fotoner
i en varm caesium gas efter DLCZ-fremgangsmaden. I en ny tilgang anvender vi det kollektive
spinmodus med lang levetid i en beholder med anti-relaksationsbeklaedning til at forleenge
hukommelsestiden med flere stgrrelsesordner over tidligere demonstrationer.

Efter forspg pa Ds-spektrallinjen paviser vi, at enkeltfoton-udleesning i denne konfiguration
er udelukket pga. firbglgeblanding. Ved at skifte til Di-linjen formar vi at opna enkeltfoton-
generering og -tilbagekaldelse med en betinget anti-sammenklumpning pa 0.20 + 0.07 for
udlaesninglyset. Tveerkorrelationerne mellem signalerings- og udleesningslyset nar veerdien
10+£1 hvilket er en steerkt ikke-klassisk veerdi og tilstrackkeligt til at generere kvantemekanisk
sammenfiltring. Tvaerkorrelationen forbliver ikke-klassisk inden for en opbevaringstid pa
0.68 £ 0.08 ms. Ydeevnen for dette kilde/hukommelses-system er begraenset af en kombina-
tion af ufuldstzendig initiering af ensembletilstanden og udleesningsstgj forarsaget af atomart
henfald.

Dette arbejde paviser, at det langtidslevende kollektive spinmodus i en atomar gas ved
stuetemperatur kan benyttes som en smalbandet enkeltfotonkilde med indbygget hukommelse.
En sadan enhed kan finde anvendelse inden for kvanteinformation og -kommunikation baseret
pa enkeltfotoninterferens, hvor hukommelsesevnen kan forbedre hyppigheden af fotonsam-

menfald eller sandsynligheden for sammenfiltringsgenerering over store afstande.
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Thesis outline

The thesis is divided into seven chapters. The first two chapters are intended as an introduc-
tion to the context of which the experimental work has been carried out. Chapter 1 out-
lines the motivation for investigating on-demand single-photon generation in a warm atomic
vapour. In chapter 2 we will dive into the details and discuss how quantum mechanics
apply to atomic ensembles and introduce the theoretical aspects of single-photon generation
and memory. The chapter is intended to gradually build up the theoretical framework under
which we understand the light-matter interaction in vapour cells.

The following three chapters present the experimental work behind the thesis. Chapter 3
describes the experimental setup and how the different critical parameters are characterised.
In chapter 4 the results from the early stages of the experiment are presented and discussed.
This was the first attempt to demonstrate the single-photon scheme and we show that high-
fidelity readout is prohibited by noise intrinsic to the specific atomic spectral line. The main
results of the thesis are presented in chapter 5 where the insights from the first attempt are
used to demonstrate an operational single-photon source.

The last two chapters round off the thesis by discussing limitations of the scheme, bench-
marking against other works, and presenting future prospects in chapter 6 and giving con-

cluding statements in chapter 7.
Illustrations of optical and electronic elements in the thesis have made use of the vector

graphics library ComponentLibrary by Alexander Franzen, licensed under a Creative Com-

mons Attribution-NonCommercial 3.0 Unported License.
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Chapter 1

Introduction

In current years a lot of attention has been directed at the development of so-called quantum
technologies — from basic research communities as well as industrial companies and political
institutions. In a broad sense this category covers technology which brings solutions to prac-
tical problems by employing quantum systems. Often this is taken to mean systems prepared
in a state that cannot be described by classical physics. Potential quantum technologies fall
in the three domains: sensing/metrology, communication and simulation/computation. Be-
cause of the prospective improvements that quantum technologies can bring, present time
is sometimes referred to as the second quantum revolution. Here our current development
is seen as a sequel to a quantum revolution in the mid-20th century where development of
new technologies — such as semi-conductors and lasers — were driven by an understanding of
the systems on a quantum mechanical level but without direct manipulation of the quantum
states.

The field of quantum optics has been a main driver of fundamental research that has
enabled quantum technologies. When quantum optics has this role, it is because a high
degree of control at the quantum level has been developed over several decades. In the same
period strange quantum effects such as superposition and entanglement have been immensely
studied within quantum optics. Many proposals for quantum technologies within all the
domains mentioned above are therefore based on light-matter interaction, the pivot point of
quantum optics.

A core resource for many of these proposals is the ability to generate pulses of light that
contain exactly one quantum of energy — the single-photon pulse. A plethora of systems and
schemes has been demonstrated to enable single-photon generation (for a recent review see
Meyer-Scott et al., 2020). However, performances that allow these sources to be scaled up to
sizes where practical computational problems can be solved are only just emerging (Zhong
et al., 2020; Uppu et al., 2020).

In this introduction we shall focus on long-distance quantum communication and quantum

computation as specific domains where single-photon sources are prospect to play a central
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role and where the combination with quantum memories for single photons will enhance

performance.

1.1 Long-distance quantum communication

Quantum communication can be useful for secret-message sharing, e.g. based on quantum
key distribution (Bennett and Brassard, 1984) and for transferring quantum information for
the use of a variety of computation protocols (Simon, 2017). In the simplest scheme, quan-
tum communication can be realized by encoding information in a single photon, e.g. in the
polarization basis, and transmitting it directly (free-space or guided in an optical fibre). As

an example, the generic polarization qubit encoding can be written as the superposition
) = a[H) + BIV) with [H) = [ 00y, [V) = [0y [ 1)y | (1.1)

where we explicitly define the polarization states in the two-mode photon-number basis. This
is sometimes referred to as "dual-rail” encoding because the single photon exists in either of
the two polarization modes (horizontal or vertical). In contrast, "single-rail” encoding uses a
single mode only where the basis states can be e.g. the photon-number states |0) and |1). The
dual-rail encoding has the advantage that the state always contains a photon which can be
detected. This makes dual-rail encoding more resilient to photon loss because post-selection
on measurement outcomes is possible. ILe. if the measurement outcome is "zero” (no photon
detected), the measurement is false.

Alternatively to direct transmission, a resource of entanglement such as an Einstein-
Podolsky-Rosen (EPR) pair, e.g. the singlet state

[EPR) ,p, = 1) a ‘0>B\;§’0>A ’1>B, (1.2)

is shared between the communicating parties A and B. The distribution of the entanglement

could happen by means of an entangled photon travelling from A to B or a central station
transmitting pairs of entangled photons to A and B. This resource can then be used to
communicate an arbitrary qubit state via teleportation (Bennett et al., 1993) or establish a
secret encryption key from the non-classical correlation (Ekert, 1991).

In both cases the communication rate will suffer from finite propagation losses when the
distance becomes large enough. The typical propagation loss for light at telecom wavelengths
in optical fibres is 0.2 dB/km. Hence, after 100 km the photon arrival probability is reduced
to 1% which heavily reduces the achievable communication rate. Furthermore, for direct
transfer of a quantum state, the probabilistic communication channel requires many copies
of the state to be sent before successful transmission. Since arbitrary quantum states cannot
be cloned, sending multiple copies of the same state until success is prohibited — unless the

generation process can be repeated. In classical communication, the process of amplification
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Figure 1.1: DLCZ quantum-repeater protocol. Top: Entanglement distribution in the

elementary link. Probabilistic photon-pair generation in nodes A and B where one photon
is held in an atomic ensemble and one propagates to joint detection with the field from the
other node. Upon detection of a photon, the two atomic ensembles are entangled, sharing one
excitation. Bottom: Entanglement swapping between links. After successful entanglement
generation in two neighbouring links, entanglement swapping is performed at the central
nodes B and C. The atomic ensemble state is converted into light and joint detection of the
fields from B and C is performed. If successful, the entanglement is swapped such that nodes

A and D now share one excitation.

(making copies) is used to enhance communication rates over large distances in a device
called a repeater. To achieve practical quantum communication rates over long distances
the propagation loss of photons will need to be remedied. This has sparked the interest in
quantum-repeater (QR) technology. Existing proposals are based on quantum memory buffers

(Sangouard et al., 2011) or error correction (e.g. Azuma et al., 2015).

One specific quantum-repeater protocol is the DLCZ scheme (Duan, Lukin, Cirac, and Zoller,
2001) based on atomic ensembles. The protocol aims to distribute entanglement between end
nodes by dividing the communication channel into segments containing quantum memories,
see Fig. 1.1. With low probability p, a laser pulse in the ensemble A generates a photon
pair where one is stored inside the ensemble (acting as a memory) while the other travels to

an intermediate detection station between nodes A and B. Simultaneously, the same process
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happens in ensemble B. The full-system state can then be written as

[¥)ap o (100) 4 + vP[11) 4) @ (100) 5 + VP [11) 5), (1.3)

where both A and B are in a superposition of having and not having generated a photon pair.
Light from the two ensembles is combined on a beam-splitter (BS) and detectors are placed
at both output ports. This performs a joint measurement on the two light paths. When light
from the two ensembles is indistinguishable, the detection has no "which-path” information.
After a single photon is detected, the atomic ensembles are thus projected into the entangled

state

ot = 1) a ’O>B\:/t§|O>A ‘1>B’

(1.4)

with one excitation shared between A and B. The sign depends on which of the detectors in
the joint measurement clicks. When entanglement is heralded in two neighbouring links, the
entanglement is swapped by performing a joint measurement on the two central ensembles B
and C (Fig. 1.1, bottom panel). The joint measurement is realized by converting the atomic
state into light (memory readout) and performing a joint measurement of the light from B and
C. If the joint measurement is successful (i.e. exactly one photon is detected), the entangled
state in eq. (1.4) is swapped and now shared between A and D. Swapping the entanglement
between neighbouring segments can continue until the end nodes of the channel are entangled.
Both entanglement generation and swapping rely on photon indistinguishability.

The incorporation of quantum-memory nodes enables synchronization of link entangle-
ment prior to swapping. I.e., the heralded entanglement can be kept in memory until suc-
cessful entanglement is present in the neighbouring link. This drastically improves the en-
tanglement distribution probability. It has been shown that the average time for distributing
entanglement over a channel scales polynomially in the channel length for quantum-repeater
schemes whereas the scaling is exponential for direct photon transmission due to propagation
loss (Duan et al., 2001; Sangouard et al., 2011).

In the context of QR application, the main figures of merit for a quantum memory are: 1)
the readout efficiency (the atomic state conversion probability) which can be close to unity
when using atomic ensembles. 2) the memory time (the duration a photon can be faithfully
kept in the memory). Since the entanglement generation and swapping is probabilistic, many
trials will have to be performed before entanglement at the end nodes is heralded. Collins
et al. (2007) performed an analysis of the QR performance where they show that in order not
to be limited by memory time, the QR memory time would have to be orders of magnitude
longer than the time-of-flight between nodes. This means that the relevant time scale becomes
the time-of-flight between end nodes. For this reason many studies have focussed on extending
the memory time of quantum memories. In the same work the authors also show that spatial
multiplexing can dramatically reduce the necessary memory time — down to only one order

of magnitude longer than the inter-station time.
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For QRs to become interesting as an alternative to direct photon transmission the dis-
tances involved are above 100km. Therefore quantum memories for QR application need
memory times at least on the order of milliseconds and practically significantly more to com-

pensate for inefficiencies in both memories and detection (Sangouard et al., 2011).

Long-distance quantum communication with quantum repeaters has not yet been demon-
strated and it is considered the outstanding challenge for establishing the Quantum Internet
(Wehner et al., 2018). However, (low-rate) long-distance entanglement distribution without
quantum repeaters has been shown. By using a space satellite, Yin et al. (2017) were able
to distribute entangled photon pairs over a 1200 km ground distance at 1 Hz rate, limited by
>64 dB loss from beam divergence, atmospheric absorption and optics. Scaling up the the

rate over this distance will likely require implementation of QRs.

1.2 Optical quantum computation

Classical computation is often comprised of gate operations on two input states. However,
light only interacts very weakly with light, hence such two-photon gates would require a
medium of strong optical non-linearity. While the realization of such gates is being pursued,
e.g. in single atoms (Hacker et al., 2016) or ultracold as well as room-temperature Rydberg
atoms (Tiarks et al., 2019; Kiibler et al., 2010), another option was proposed in the seminal
paper by Knill et al. (2001). Knill et al. show that universal quantum computation can be
achieved in a network of single-photon sources, linear optics and single-photon detectors (Fig.
1.2). The operation principle for linear-optics quantum computation is multi-photon inter-
ference such as Hong-Ou-Mandel interference (Hong et al., 1987). This type of interference
relies on photon indistinguishability and overlapping wavepackets. From this we get a set of
figures of merit for application of single-photon sources in quantum computing. A scalable
source must produce single photons of high purity (i.e. vanishing two-photon component),
and indinstinguishable photons. On top of that, a high brightness (i.e. high photon flux)
is desirable for fast operation. For a linear computation network it is important that input
photons are synchronized to observe the interference. For sources with a non-unity generation
probability p this can be ensured by post-selection. I.e., the computation network output data
is post-selected to cases where the correct number of output photons were detected. While
this works and has been demonstrated (Carolan et al., 2015), the photon coincidence rate
will be extremely low for realistic sources and networks that require more than just a few
input modes. Unfortunately, this linear-optics quantum computation has a huge overhead in
terms of the resources (number of sources/detectors) needed. A way to reduce the overhead
is by using large entangled photon states, so-called cluster states that enable error correction

schemes. Omne primer for building cluster states is the entangled, three-photon GHZ states
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Figure 1.2: Optical quantum computation and single-photon source multiplexing.
Left: Quantum computation network. Synchronous single-photon pulses are input on the
network which is based on photon interference on beam-splitter (BS) interfaces. The network
output is detected by single-photon detectors.

Centre: Spatial multiplexing. Several sources can be combined into one high-efficiency source
by a switch that routes heralded photons to one joint output mode.

Right: Temporal multiplexing. Heralded photons from parallel sources can be delayed by

quantum memories (QM) and released synchronously as input to a quantum network.

(Greenberger, Horne, and Zeilinger, 1989)
|000) + |111)
V2

The GHZ state can be generated and heralded in a linear-optics network which requires

IGHZ) = (1.5)

six synchronized input photons (Nunn, 2019). The probability of n-photon coincidences for
probabilistic sources is given by P = p" which even for p = 50% yields P = 1.6% for six-
photon coincidence. We note that here p is the heralding probability, i.e. the probability that a
photon is generated and heralded. For this reason, ways of source multiplexing are increasingly
pursued. The idea is to enhance the effective photon probability by combining the output
of many identical sources or many output modes of one source. The principle is illustrated
in Fig. 1.2. This can drastically increase the multi-photon coincidence rates. Among several
types of multiplexing, one is spatial multiplexing where many heralded sources are operated
in parallel. In this case feedforward from the heralding detector to optical switches enables
routing of the heralded source outputs to the relevant network inputs. The challenge here
is to reach fast, low-loss switching and indistinguishability between sources. Another option
is temporal multiplexing where the output of a heralded source at different times can be
individually delayed and combined for simultaneous input to the network. This requires the

implementation of on-demand variable-delay lines which can in general be considered quantum
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memories. For this application the figures of merit for the quantum memory becomes input
(write) and output (read) efficiencies, 1, as well as the memory time-bandwidth product, B,
i.e. the number of temporal storage modes covered by the available storage time. Nunn et al.
(2013) show that in the limit of low photon rates, the n-photon coincidence rate for n parallel

source-memory systems is

P = (pBn)", (1.6)

enhancing the heralding probability of each source by the time-bandwidth-efficiency product.
This exponential scaling highlights the practical implication of high-performance quantum
memories. In practise the different types of multiplexing can also be combined for further

enhancement.

1.3 Single-photon sources

Over decades the laser community has managed to achieve a remarkable control over monochro-
matic light generated from laser system. The main challenge for single-photon generation is
that it cannot be generated by simply attenuating a laser pulse. The ideal laser generates a
sinusoidal wave of light. In quantum optics the equivalent is the coherent state (Gerry and
Knight, 2004)

i \/» In), (1.7)

where |n) is the photon-number basis states and « is related to the wave amplitude and phase.

Evidently, the coherent state has Poissonian photon statistics with n-photon probability

|a|2n

P(n) = |(n|a)[* = e7loF (1.8)

n!

Under attenuation, photons are randomly removed such that |a|? reduces but the distribution
of photons remains Poissonian. Thus, even for a very faint source, |a|? < 1, with one-photon
probability p ~ |a|?, the two-photon probability remains p?/2. One strategy would be to
measure the photon number but photon-number detection is performed by absorption and
thus demolishes the state. Another strategy is therefore required.

In general, single-photon sources operate in distinct regimes: probabilistic or deterministic.
A probabilistic source (Fig. 1.3, left) is typically based on parametric scattering (spontaneous
parametric down conversion or spontaneous four-wave mixing) where the excitation probabil-
ity p has to be kept very low (few percent) to keep the double excitation with probability p?
low. Clearly, this has an even worse two-photon probability than the attenuated laser but the
strong advantage is that photons are generated in pairs in different modes. The detection of

one photon in one mode can be used to herald one photon in the other mode without disturbing
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Figure 1.3: Types of single-photon sources. Left: Probabilistic heralded photon source.
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Photons are probabilistically generated in pairs in two modes. The detection in one mode
heralds the single-photon state in the other mode. Right: Deterministic single-emitter source.
The system is excited by an external pulse (e.g. laser pulse) and afterwards relaxes by emitting
a photon. The single emitter can only contain one excitation hence photons are released one

at a time.

the heralded photon. Because reliable photon-number detection is extremely difficult, these
schemes are required to operate probabilistically with p < 1 and the way to enhance effective
generation probability is through multiplexing to reach (quasi-)deterministic operation.

On the other hand, a deterministic source is based on a single emitter (Fig. 1.3, right).
The single-emitter system can only accommodate one excitation and this excitation is re-
leased through radiative decay. High-performance single-emitter sources can reach almost
unity intrinsic efficiency (Uppu et al., 2020) such that only collection efficiency and outcou-
pling losses prevent truly deterministic generation. Very high source efficiency is necessary
because deterministic single-photon sources are not heralded and thus incompatible with the
multiplexing schemes mentioned above. It is also worth mentioning that demonstrations of
high-performance, deterministic single-photon sources are so far in either cryogenic solid-
state systems or ultracold atomic systems. While this is not a principle challenge, the setup

complexity and need for helium cooling reduces the practical scalability of such sources.

1.4 Optical quantum memories

If we consider a broad definition of quantum memory as a device that can take a weak
(single-photon level) input pulse and release it on demand after some time, many schemes
and protocols exist in a variety of systems. This definition does not restrict memories to those
that can store qubits states where the encoding is dual rail as in eq. (1.1). Quantum memories
for dual-rail qubits require two storage modes. However, for single-photon synchronization as
discussed above, a single-mode memory suffices.

In the context of single-photon synchronization we can broaden the quantum memory
definition even further by including so-called "read-only” or "emissive” memories (as opposed
to ”absorptive” /"write-read” memories described above). This is a type of memory where the
memory is loaded with a single photon by spontaneous scattering which later can be retrieved

on-demand (see Fig. 1.4). Thus, this type of memory combines source and memory in one
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Figure 1.4: Types of single-photon quantum memories. Left: Absorptive memory.
This type of memory absorbs a heralded photon from an external source and releases it on
demand. Right: Emissive memory. This system combines source and memory. The memory

is loaded by detection of a heralding photon and releases the stored photon on demand.

system. The source-memory system investigated in the present thesis is based on the DLCZ
protocol described above and falls into the category of emissive memories.

Optical quantum memory systems range from all-optical systems like optical cavities
(Makino et al., 2016) and switchable free-space loops (Bouillard et al., 2019; Kaneda and
Kwiat, 2019; Pang et al., 2020) to matter systems like single atoms (Specht et al., 2011)
or ions (Wang et al., 2017), solid-state single spins (Kalb et al., 2017) or spin ensembles
(Saglamyurek et al., 2011; Zhong et al., 2017; Kutluer et al., 2017; Laplane et al., 2017),
phononic modes (England et al., 2015; Riedinger et al., 2016; Wallucks et al., 2020) and

atomic ensembles (Duan et al., 2001).

1.5 Atomic vapour cells

Vapour cells are an attractive platform for many sensing technologies — such as clocks (Knap-
kiewicz, 2018), magnetometers (Jensen et al., 2018; Boto et al., 2018), electrometers (Sedlacek
et al., 2012) and gyroscopes (Fang and Qin, 2012) — because of their high precision and sen-
sitivity. More specifically, the vapour cell platform has shown high performance while still

being a relatively simple system in terms of fabrication and miniaturization.

When it comes to quantum information, vapour cells have already been shown to have po-
tential as a number of core building blocks such as non-classical light sources. Examples
are spontaneous four-wave mixing (Jeong et al., 2017; Mika and Slodicka, 2020; Wasilewski
et al., 2009), Rydberg-blocked four-wave mixing (Ripka et al., 2018), and spontaneous Raman
scattering (Eisaman et al., 2005). Also single-photon detector application has been proposed
(Matekole et al., 2018).

The use of atomic vapours for quantum memories have been immensely studied since the
first demonstrations for continuous-variable states (van der Wal et al., 2003; Julsgaard et al.,
2004a). Single-photon memory protocols include photon echo (Hosseini et al., 2011), electro-

magnetically induced transparency (EIT, Katz and Firstenberg, 2018), Rydberg polaritons
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(Ripka et al., 2016), and far-off Raman scattering (Reim et al., 2011). Particularly, far-off Ra-
man memories in a ladder configuration (Finkelstein et al., 2018; Kaczmarek et al., 2018) have
shown promising performance in terms of readout noise, speed and time-bandwidth product.
In these low-noise schemes a time-bandwidth-efficiency product of more than 12 was reported
(Finkelstein et al., 2018).

The far-off Raman memory is attractive because of its GHz bandwidth capability. How-
ever, the memory time is limited by atomic motion that move atoms out of the interaction
region. Successful mitigation of motional decay has been achieved by the use of buffer gas
which renders the atomic motion diffusive and slow due to collisions with the buffer gas. With
buffer gas, memory times up to 20 ps have been demonstrated (Namazi et al., 2017) for laser
pulses at the few-photon level and up to a few microsecond for non-classical light storage Dou
et al. (2018).

An alternative to buffer gas is to apply spin-preserving coating on the vapour cell walls.
In such cells, the atomic spin state is preserved for thousands of walls collisions. This enables
atoms that leave the interaction region to collide with the wall and return to the interaction
region and this way the coherent spin interaction time is extended. A spin coherence time in
coated cells on the minute timescale has been demonstrated (Balabas et al., 2010). Storage
of classical light pulses in coated cells can reach one second (Katz and Firstenberg, 2018) but
it remains to be seen if this EIT scheme can operate at sufficiently low readout noise levels
to allow high-fidelity single-photon storage. Non-classical light storage on the time scale of
millisecond has been demonstrated for continuous-variable states (Jensen et al., 2011).

Furthermore, atomic vapour memories have been used to demonstrate entanglement of
atomic ensembles (Julsgaard et al., 2001; Li et al., 2020) and teleportation of continuous-
variable states (Sherson et al., 2006; Krauter et al., 2013).

In this thesis we pose the question: Can the long-lived collective spin of coated vapour cells
at room-temperature be utilized as a heralded single-photon source with on-demand retrieval?
We give a positive answer to the question by experimentally demonstrating a scheme where
this is possible and investigate the limitations of the scheme from intrinsic atomic noise.

This result prolongs the achievable single-photon storage time in room-temperature atomic
vapours and room-temperature systems in general by two orders of magnitude over previous
demonstrations. While our work show that there are still challenges to overcome for our
source-memory system, there is potential that the scheme can find application in QR networks

where the long storage time is a requirement.



Chapter 2

Single-photon interface in atomic

ensembles

This chapter introduces the relevant theoretical framework that describes systems where the
DLCZ protocol can be realized. The purpose of the chapter is to equip the reader with an
understanding of the dynamics — and the theoretical description of said dynamics — involved
in single-photon generation in warm atomic ensembles. The focus of the thesis is the experi-
mental results and we shall therefore not reprint involved derivations which have already been
given elsewhere.

The structure of the chapter follows a thread where general results will be introduced
and gradually specialized to the present implementation. We will start from the general
Hamiltonians for single-excitation generation and retrieval, introduce the caesium atom and
the interaction with an ensemble of caesium. We will then discuss how the interaction is
enhanced by an optical cavity and introduce the specific implementation of the thesis. The
chapter concludes with an introduction to non-classicality measures that will be the fulcrum

of the experimental results.

2.1 Generic single-photon herald-retrieve scheme

The DLCZ protocol relies on two processes which can be described in generic terms. The first
step in the protocol is the write process which entangles an atomic spin mode with an optical
mode. Upon detection of a photon, a single spin excitation is heralded. The second step is
the read process. Here the state of the atomic spin mode is mapped onto a light mode. We
shall here discuss the basic properties of the generic processes before proceeding to discuss
how it is realized in atomic systems.

The generic process for generating single-photons in the DLCZ protocol is known as
two-mode squeezing. It is the basis for many types of probabilistic single-photon genera-

tion schemes, e.g. spontaneous parametric downconversion. The process is described by the

11
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Figure 2.1: Generic interaction types involved in the DLCZ scheme. Left: The
parametric gain interaction generates excitation pairs in the modes @ and b. The output state
is the two-mode squeezed state. Right: The beam splitter interaction maps the input state

in a to the output state in b and vice versa.

parametric-gain Hamiltonian
Hpg = héalbt + hec. (2.1)

Assuming both modes a, b to be empty at t = 0, the interaction produces the state (Sangouard
et al., 2011)

[Wrmss) = VI —po Y (—i)"py/? ), )y, (2.2)
po = tanh? &t (2.3)

This is a two-mode squeezed state where the photon number in the two modes is correlated.
The interaction is illustrated in Fig. 2.1. Therefore the common strategy is to use detection
of one mode to herald the state in the other mode. For the state in eq. (2.2) the probability

to find n excitations is simply

pn = (1 —po)pg- (2.4)

This is often referred to as the geometric distribution or in the context of quantum mechanics
as the thermal distribution because it describes the bosonic statistics for a thermal state

~hw/ksT where w is the mode frequency, kp is the Boltzmann constant and T is

with pg = e
temperature. The mean excitation is u = po/(1 — po).

Photon detection schemes are (so far) always limited in number precision either because
of limited detection efficiency or the nature of detection. The latter because most single-
photon detectors operate in a sense of Geiger mode where one event renders the detector
blind to sequential photons. That prohibits efficient distinction between one-photon states
and multi-photon states. Therefore pg is always kept very low, ~ 1%, to avoid heralding
multiple excitations. The dependency on py will be discussed in more detail in section 2.7.

In the DLCZ scheme a describes a scattering light field while b describes an atomic spin mode.

The generic process for retrieving the spin mode state is the beam splitter interaction. The

process is described by the Hamiltonian

Hpg = hX&TZ; + h.c. (2.5)
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The beam-splitter Hamiltonian leads to coherent mapping between the two modes with the

Heisenberg equations of motion

gta = —ila, H/h] = —ixb(t),
gtzs = —i[b, H/h] = —ixal(t), (2.6)
and the solution (for y real)
C:L(t) _ cos(xt)  —isin(xt) C:L(O) . 27)
b(t) —isin(xt)  cos(xt) b(0)

In principle the beam splitter interaction can lead to direct exchange of the of the two states,
a — —iB, b — —ia as illustrated in Fig. 2.1. For strong coupling between the two modes
mode, the coupling xt will have to be calibrated to achieve complete exchange.

Often, the exchanged energy leaves the interaction region faster than the exchange rate.
This means that the exchange energy does not transfer back to the occupied mode b. To
capture these dynamics we will have to treat the interaction in an open system where energy
is exchanged with the surroundings. We introduce the open system by adding decay to the

equation of motion in eq. (2.6)

i= —g&(t) B — ixb(t). (2.8)

gl

Together with the energy decay rate x we have introduced the Langevin noise operator F(t)
Eq. (2.8) has the solution

a :efm‘//Qd ! /efm(tft’)/Q Il i T4 ) )
(t) (0) + /0 dt F(t) — ixb(t)] (2.9)

Assuming that the decay is faster than the internal dynamics this reduces to

al(t) = e~"24(0) + % [B) — ixbe)] (2.10)
. a;, ..
From eq. (2.6) we still have ab = —ix*a(t), thus
405 /250y 4 2 v
b= a(0) + [F(t) sz(t)} . (2.11)

Assuming the optical mode to be initially empty <aTa> (t =0) = 0 and the Langevin noise to
be vacuum noise (FTF) (t) = 0, we get

_alx?,

<6T6><t):<z§*z}>(t:0)e -t (2.12)
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If the decay of the optical mode is collected into a single detection mode (e.g. a cavity output

mode), it is beneficial to introduce the output flux operator
aout (t) = vk a(t), (2.13)

such that <dlutdout> (t) describes the photon flux in the output mode (e.g. in front of a
detector). Combining egs. (2.10), (2.12) and (2.13), we find the outgoing flux

AT A _ At s _ 4fx|? 7t
<a0uta0ut> (t) = & <a a> (1) = - <b b> (). (2.14)
For verification we see that <dlutdout> (t) = —0/ot <13Tl;> Evidently, the energy in b will
transfer slowly to oyt with the exponential readout shape that is often observed in atomic
memories.

We note that the beam-splitter interaction can also be used to map an input light state onto
an initially empty atomic mode. In this example the input state would enter through the input
operator F'(t) = \/r/2 Gin(t). The beam-splitter interaction is therefore the generic interaction
describing a quantum memory. We shall now proceed to review how the parametric-gain and

beam-splitter Hamiltonians can be realized in the interaction of light and atomic ensembles.

2.2 The caesium atom

The present study investigates how to generate and store single photons using the light-matter
interaction in an atomic caesium vapour. In this section we shall introduce the caesium atom
and the dipole interaction with light.

More specifically, the vapour consists of 133Cs, the only stable isotope. The caesium atom
has a single valence electron which in the ground state occupies the 65/ orbital. With
electron spin S = 1/2 and nuclear spin I = 7/2, the ground state is split into two hyperfine
manifolds with spin numbers F' = £+ 5 = {3,4}.

In this study we shall only concern ourselves with the excitation to the first excited states,
i.e. the 6P orbital with orbital angular momentum L = 1. Due to spin-orbit coupling the
6P orbital is split into two levels with electron angular momentum J = L + .5 = {1/2,3/2}.
The transition 65,5 — 6P/ at wavelength A = 894.6 nm is referred to as the Dy line while
the transition 651/, — 6P3/, at wavelength A = 852.3nm is referred to as the Dy line. Fig.

2.2 illustrates the caesium level structure including the hyperfine splitting of the excited states.

When applying an external DC magnetic field, the hyperfine manifolds split into 2F + 1

magnetic sublevels. To first order the energy shift is given by the Zeeman effect as

AER = upgrmpB, (2.15)
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Figure 2.2: Caesium level structure. The transition 651/, — 6P /3 is referred to as the Dy
line while the transition 6575 — 6P, is referred to as the Do line. On the left the hyperfine
splitting is illustrated. On the right a subset of the level degeneracy with spin projection
mp is illustrated. The degeneracy can be lifted by applying a magnetic field. The orange
box highlights the atomic states that will be considered in the thesis. Figure adapted from
Julsgaard (2003).

where up is the Bohr magneton and g is the Landé g-factor for the F' manifold. The quan-
tum number mp describes the spin projection onto the orientation of the magnetic field with
magnitude B. The external magnetic field thus splits the hyperfine manifolds into equidistant
magnetic sublevels. The splitting is often described in terms of the Larmor precession fre-
quency vi, = upgrB/h. For the caesium ground state F' = 4 manifold the Larmor frequency
is 0.35 MHz/G. In section 3.3.2 we shall discuss the quadratic correction to eq. (2.15).

Dipole interaction

The entry point for light-atom interaction is the dipole interaction. It describes the coupling
of an AC electric field and atomic dipole formed by the valence electron and the (screened)

nucleus. The dipole interaction is described by the Hamiltonian

Hint = -

v

E = —er-€E, (2.16)
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with 7 being the position operator, € being the unit vector of the field polarization and the

dipole operator described in terms of the atomic states

N F/7 r

D= Z DF,mn;FEAmF ‘FlvmlF> (F,mp], (2.17)
Fmp
F'omf,

such that the interaction can be described by transition matrix elements

/! !
F'mp

Fany = € (' mip| €amp - F|F.mp) (2.18)

between ground states |F,mp) and excited states |F’,m7). The non-zero matrix elements
have specific electric field polarization €am,. For Amp = ml, — mp = 0 the coupling
polarization is 7 (i.e. linearly polarized along the quantization axis). For Amp = +1 (-1) the
coupling polarization is oy (0_), i.e. right-hand (left-hand) circularly polarized in the plane
perpendicular to the quantization axis.

The electric field can be written as a sum of positive and negative frequency components

1 .
E(t) = ige—wt + h.c. (2.19)

Inserting eq. (2.19) into eq. (2.16) and assuming the electric field to be in the transition
polarization, we reach the usual interaction Hamiltonian for a two-level system in the rotating-

wave approximation

. hQ) .
Hip = _7&675,@—“” +h.c. (2.20)

expressed in terms of the Rabi frequency € = £Dg./h and the density matrix element G, 4 =
lg)(e|. Note that Dy is short-hand notation for the dipole matrix element connecting the

ground state |g) and excited state |e).

2.3 Ensemble interaction

In the caesium vapour the light interacts with the whole ensemble of caesium atoms. We
shall therefore describe a framework for treating the ensemble interaction. The first step
is to introduce collective operators to replace the single atom counterparts. We follow the
derivation given in Hammerer et al. (2010). For simplicity we consider atoms with only two

ground states, |g) and |s). The single atom density matrix operators of interest are
N 1
Spin projection operator: j, = §(|g) (g] = Is)(s])- (2.21)
Spin raising operator: j; = |g)(s|. (2.22)

Note that j’+ raises the spin because we use the convention where |g) is the positive pro-
jection onto J (see Fig. 2.3). For the caesium experiments in this thesis, we will use

lg) = |F =4, mp =4) and |s) = |F = 4, mp = 3) such that the energy splitting is huvr,.
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Figure 2.3: Spin-ensemble modes. When interacting with an ensemble of spins, the single
atom spin — here modelled as a spin 1/2 atom — is replaced by a set of harmonic macroscopic-

spin oscillator modes in the Holstein-Primakoff approximation.

We introduce the ensemble spin operators as the sum over individual atom operators:

N
Macroscopic spin projection operator: jx = Z j:(cm) (2.23)
m=1
Macroscopic spin raising operator: Jy = Z jim) (2.24)
m=1

We are interested in the situation where all atoms are initialized in the state |g) and study
weak perturbations (single excitations). For this reason we apply the Holstein-Primakoff ap-
proximation such that the spin ensemble becomes an effective harmonic oscillator (Hammerer
et al., 2010) where the oscillator frequency is given by the Larmor frequency. We approxi-
mate J, ~ (J,) = N/2 with its expectation value. Under this approximation the collective

canonical annihilation operator then becomes
i
V20 VN

In the case where the macroscopic spin is initialized parallel to the magnetic field, the

b= (2.25)

macroscopic-spin oscillator becomes a 'negative-mass’ oscillator because excitations remove

energy from the system, see Fig. 2.3.

Atomic modes

In the definitions above we have only used symmetric collective operators where all atoms
contribute identically. Such operators can only describe symmetric superposition states like

the single-excitation state

N
3" lggesmes) 2:26)

m=1

o' |gg...g)

-
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However, we can also imagine localized (asymmetric) excitations where some atoms, or more
conveniently, some volume of the ensemble is excited. To include asymmetric modes we intro-
duce a normalized set of spatial mode functions u, () and construct mode-specific annihilation

operators
by = / &7 (), (2.27)

) = — 20 (2.28)

with the commutator relation [b(7), bf(7)] ~ 6(7 — ) (Hammerer et al., 2010). The last line
introduces the position dependent atomic annihilation operator j(7) = 32, §(7 — r?n)ﬁ'im).

Using the mode-specific operators we can describe asymmetric modes of the form

N
?)L lgg...g) = Z cn(Pm) 199.--8m---g) - (2.29)
m=1

In a thermal vapour, atoms will quickly redistribute inside the ensemble volume due to their
thermal motion. This means that the spin decay in a specific spatial mode will not only depend
on the single atom decay mechanisms (e.g. wall collisions) but also on thermal diffusion. The
dynamics of collective spin states were studied theoretically by Shaham et al. (2020). The
authors find that the spin decay can be described in a basis of spatial diffusion eigenmodes
with mode-specific decay rates. For anti-relaxation-coated cells where atoms can undergo a
high number of wall collisions before depolarising, the slowest decay rate is specific to the
symmetric mode in eq. (2.25). For this mode there is no decay associated with diffusion
whereas the decay rate for higher-order modes will be dominated by diffusion and thus much

faster as we shall treat in section 2.6.

2.3.1 Parametric-gain interaction

We now consider the dipole interaction with a classical laser field 2 and quantized field a
with single-photon Rabi frequency ¢ in a A configuration as depicted in Fig. 2.4 (left). For
far-detuned light, i.e. Q < A, the interaction leads to spontaneous Raman scattering where
the two ground states are coherently coupled via the dipole coupling to a virtual excited state
level. In this case the excited state can be adiabatically eliminated and the effective ground

state coupling is described by the single-atom Hamiltonian (Hammerer et al., 2010)

4 hlQ@)P _ hlgl® s I ALUGI S
it = TN l9) (g A a'a|s)(s| A - T he (2.30)

Note that when multiple excited states are present, the parameters including dipole matrix

elements (g, 2) should be summed over the excited states, e.g. [g]2/A = > g%/ /Apr.
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Figure 2.4: A configurations for the ensemble interaction schemes. Left: Parametric-
gain configuration. The laser field Q couples the populated |g) state to |e) which is coupled
to |s) with the coupling rate g. Right: Beam-splitter configuration. The laser field Q couples

the storage state |s) to the excited state |e) which is coupled to the populated ground state
|g) with the coupling rate g.

We now change the mode functions in eq. (2.27) to only describe transverse modes in

order to make the ensemble Hamiltonian 1-dimensional.
ba(z) = / 27, it (7)b(). (2.31)

For the ensemble interaction we consider light modes a,, defined similar to eq. (2.27). Ham-

merer et al. (2010) reaches the following ensemble interaction Hamiltonian for the write step

L o )2 . .
Hw =h /0 dz WZbLL(z)bm(z)

B <§f(«2)2§i(z,t)eiAkdein(z)l;In(z) —|—h.c.>] : (2.32)

m

A configuration

Note that here z is the propagation direction of light and €2 is assumed to have a transverse
flat profile. The first term is the AC Stark shift that shifts the energy of the atomic modes
and the second term describes the parametric-gain interaction that we recognize from eq.
(2.1). In eq. (2.32), ¢ is no longer the single-photon Rabi frequency but the coupling constant
between the bosonic modes a,, and Bm and will be discussed below. The phase e'AkZ in the
last term describes the spin wave arising from an energy difference between |g) and |s). The

effect of this spin wave will be discussed in section 2.4.

Atomic mode selection

According to eq. (2.32) the light mode a,, couples to the atomic mode bom only. Hence, if the
detection happens in light mode m, the heralded atomic state will be in atomic mode m. In
the limit of very low excitation probability, the write process becomes a small perturbation

to the light and atomic modes. Hence, the variation along z is negligible and we can remove
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the dependency. Probabilistic generation of a single collective excitation therefore happens
in the atomic mode which is flat along z (Gorshkov et al., 2007b; Hammerer et al., 2010).
Since laser light profiles are typically Gaussian and atomic diffusion eigenmodes depend on
the cell geometry but are generally not Gaussian (Shaham et al., 2020), the light will couple
to different diffusion eigenmodes. If the laser pulse is sufficiently weak and have long duration,
only atomic modes with slow decay rates will interact coherently. For higher-order modes the
diffusion-dominated decoherence rate will be faster than the coupling rate. This opens a path
for efficient interaction with the symmetric mode. We refer to this mechanism as motional
averaging. It is enabled by light pulses that are long enough that the atoms will pass through
the beam many times. We shall return to this for a quantitative description in section 2.6.
For experiments with continuous-variable quantum states the long optical mode can be
selected through homodyne detection by having the quantum signal at a specific sideband
frequency. In our group we have extensive experience in this (Julsgaard et al., 2001, 2004b;
Sherson et al., 2006; Wasilewski et al., 2009; Jensen et al., 2011; Krauter et al., 2011; Vasilakis
et al., 2015). However, discrete-variable quantum states are measured through photon count-
ing. Photon-counting detectors are in their nature extremely broadband, selecting an (almost)
instantaneous mode. This establishes a one-to-one correspondence between the atoms inside
the beam and the light at the detector when it clicks. As such the detection event becomes
a snap shot of the atomic positions and carries "which-atom” information. A single-photon
detection event thus collapses the collective state into an asymmetric atomic mode thereby
cancelling the motional averaging. In section 2.6 we will discuss the remedy to sustain mo-
tional averaging in photon detection which is the experimental novelty of the thesis.
Another difference between homodyne and photon detection is that the former establishes
a deterministic interface because the measurement outcome is always valid. Protocols relying
on homodyne detection do not need to condition on a specific measurement outcome for the
protocol to be successful. This is for instance the case in continuous-variable teleportation
(Krauter et al., 2013) where any measurement outcome can be used to generate the feedback
signal that completes the teleportation protocol. In photon detection, on the other hand, if
the measurement outcome is 'vacuum’ (no click), the protocol fails. This also means that
photon detection is not as sensitive to photon loss because the vacuum outcome can be sorted
out. Hence photon detection has built-in purification. E.g. in the DLCZ scheme, the photon
detection heralds and purifies the single excitation state and is (ideally) independent of photon
loss. Photon loss only decreases success rate. Similarly, for entanglement generation between
two ensembles in the DLCZ quantum-repeater protocol, the photon detection purifies the

entanglement.
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e

Figure 2.5: Collective enhancement. The spontaneous Raman scattering into the target

mode — here taken as the forward-propagating mode — is coupled to the excitation of the
atomic storage mode (e.g. the symmetric mode). The scattering rate is collectively enhanced
and scales with number of atoms N. Undetected spontaneous emission in other directions
also scale with IV but spreads excitation over all N atomic modes. Hence the excitation of

the target mode from spontaneous emission is independent of V.

Collective Enhancement

Another aspect of ensemble interaction is the phenomenon known as collective enhancement.
The atom-light coupling constant in eq. (2.32) is g(z) = Dsey/2mwp(2)/c where c is the speed
of light, w is the frequency of the transition |s) — |e) and p(z) is the atomic density at position
z (Hammerer et al., 2010). In a vapour cell we can assume the density to be uniform, i.e.
p = N/V. From this it is evident that the scaling with the number of atoms in the ensemble
is then g & v/N. Thus, the scattering rate is proportional to N. This feature originates from
the result that all atoms interact coherently with the same light mode and highlights the
strength over single-atom schemes. Similar enhancement can be achieved in the single atom
case through the Purcell enhancement in a small-volume, high-finesse cavity. The downside
is that it requires a sophisticated setup for creating the cavity and keeping the atom in the
cavity mode. It also highlights why a large optical depth (many atoms) is preferable.
Besides the coherent interaction described by the Hamiltonian in eq. (2.32), the atoms
will spontaneously emit into other directions. This process will also transfer atoms to |s).
The spontaneous emission rate is proportional to the number of atoms /N of the ensemble but
the atomic excitation from the spontaneous emission will distribute evenly over all N atomic
modes. Hence, the incoherent excitation of the symmetric mode of interest does not scale
with N (Duan et al., 2001). It is therefore only the coherent interaction that is collectively

enhanced. See Fig. 2.5 for an illustration.

2.3.2 Beam-splitter interaction

A change in the A configuration (see Fig. 2.4, right) realises the beam-splitter interaction. Now
the laser light couples to the weakly occupied storage state which causes a Raman transition

to the ground state by releasing a photon on the |e) — |g) transition.
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Because the photon scattering in this configuration is associated with an atomic transition
in the opposite direction compared to the parametric-gain interaction, the Hamiltonian can
be obtained through replacement b > Bin in the light-atom coupling term (Hammerer et al.,
2010). Tn this configuration the AC Stark effect shifts |s) and not |g), thus we also have to
change the sign of the first term. This yields

L 102 D)2 . .
Hg =h /0 dz w;bk(@bm(@
B (.ﬂz);i(zat)eiAkz;din(z)i)m(z) —|—h.c.>] : (2.33)

where we have omitted a refractive index term on the quantized transition a,,. We recognize
the last term in eq. (2.33) as the beam-splitter type in eq. (2.5) that exchanges states between
atomic and light modes of same mode number m. We note that this type of interaction can
be realized both off resonance as described by eq. (2.33) as well as on resonance. The latter
is achieved by employing electromagnetically-induced transparency (EIT). Though the two
types of interaction are different in their nature, the storage performance is characterized by
the same limits (Gorshkov et al., 2007a).

2.4 Spin wave

The atomic spin modes are often referred to as spin waves (or spin gradients) because the spin

mode is excited with a wave-like pattern e’2k?

in front of the interaction term in eq. (2.32)
and eq. (2.33). During the write step, the pattern is generated from the frequency difference
between the laser light and the scattered field. Experimentally, we set the frequency by
applying a bias magnetic field transverse to the light propagation direction. Since scattering
can happen into any direction, the difference in wave vector is imprinted on the spin phase
IART. However, since only the difference is imprinted, one can choose to use a different
laser mode when reading out, e.g. backwards propagation. This leads to the phase-matching
condition

Ak = kwa — kwa = kra — kro, (2.34)
where subscripts W, R refer to the write and read steps, respectively, and a, {2 to quantum
and laser fields, respectively. The reversed order between laser and quantum field in the two
cases is because of the I;m <~ B;rn transformation.

The phase-matching condition becomes particularly important when not employing a
collinear configuration where the laser and quantum field propagation directions overlap. In
this case the phase-matching condition determines the wavevector for the readout quantum
field. For cold atoms, a non-collinear configuration is often applied because the spatial separa-

tion of laser and quantum fields relaxes the need for filtering. In warm vapours a non-collinear
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configuration is problematic. It only takes a very small angle to make the spin-wave wavevec-
tor Ak much longer (the typical frequency difference is of order GHz). A long wavevector
means that the atomic motion in warm vapours quickly dephases the spin wave which reduces
the retrieval efficiency. Even for cold atomic ensembles, spin wave dephasing sets the limit on
storage time when not employing the collinear configuration. In the collinear configuration
Zhao et al. (2009) demonstrated 1ms storage time and claimed that the upper limit is 3 ms,
set by the free fall of atoms. The same group later demonstrated free-fall-limited storage time
(Bao et al., 2012). By using optical lattices it was later demonstrated that the memory time
can be extended to near second (Radnaev et al., 2010; Li et al., 2013; Yang et al., 2016).

If one aims to achieve long time storage in warm vapours, one is restricted to the collinear
configuration. Furthermore, using hyperfine storage can be problematic. Borregaard et al.
(2016) show from simulations that for hyperfine storage in room-temperature caesium (9.2 GHz
splitting), the spin-wave wavelength (~ 3 cm) starts to limit efficiency if the cell length is more

than 1cm in a cell without buffer gas.

Another property of the collective atomic modes is that they are excited by atoms inco-
herently occupying the storage state |s). These excitations then cause uncorrelated readout
noise. Mewes and Fleischhauer (2005) treat the case where some atoms occupy the storage
state due to a coupling to a thermal reservoir (e.g. imperfect initialization or atomic decay due
to cell wall collisions). They find the excitation of a specific atomic mode (e.g. the symmetric
mode) to be

(#8) = L 5 (o), 235)

where (0ss) = M/N is the fractional occupation of |s) for the individual atom (set by the
reservoir temperature). From eq. (2.35) it is evident that the collective mode excitation is
<5T5> = M/N. In other words, the distribution of incoherent atoms in |s) with maximal
entropy is the one where excitation is spread uniformly over all atomic modes. The small
overlap with the symmetric mode demonstrates that the initial preparation requirement is
not the absolute occupation M < 1 but instead fractional occupation M/N < 1 which is a
much more relaxed requirement.

During the storage time, incoherent transfer between |g) and |s) as well as loss of atoms
into other states (e.g. into the other hyperfine manifold) dephases the spin wave. Mewes and
Fleischhauer (2005) have shown that even though the collective state is an entangled state
of atoms, it is robust to both incoherent transfer (spin flips) and loss of atoms. The loss of
fidelity scales as 1/N per atom transferred or lost whereas the transfer or loss processes are
individual to the atom. Thus the rate of atoms transferred or lost scales as N. This makes
the spin wave decay rate independent on the number of atoms. This is in strong contrast to

the GHZ state in eq. (1.5) where the decoherence of one particle destroys all entanglement.
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On top of this, pure dephasing mechanisms, e.g. magnetic inhomogeneity, also contribute to
the spin-wave dephasing.

The spin-wave dephasing will reduce the efficiency of readout as a function of storage
time. For the symmetric mode, the dephasing follows the decay of the transverse macro-
scopic spin component which we shall assume to follow a single exponential decay (J,.(t)) =
(Jy2(0)) e7¥/"2. As we shall see in chapter 3, this assumption agrees well with experimental
observation. In terms of energy (number of photons retrieved) the retrieval efficiency will
drop at twice the rate since <Z;Tl;> x <j_j+>

2.5 Cavity Enhancement

There exist several schemes for storing and retrieving light from atomic ensembles as we
pointed out in chapter 1. However, it has been shown that despite their seemingly strong
differences, the limits to performance are exactly the same. In a series of papers Gorshkov
et al. (2007a,b,c) presented a general theoretical treatment of the light-atom interaction and
demonstrated that the variety of schemes share the same figure of merit which is optical depth
d. Mainly the storage and retrieval inefficiencies are governed by d and scale as either 1/v/d or
1/d — dependent on the longitudinal atomic mode (Gorshkov et al., 2007b). The inefficiency
is 7 = 1 — n where the efficiency 7 is the probability that a photon is converted.

Throughout this thesis we shall define the optical depth as the on-resonance optical in-

tensity attenuation such that
_ —d
Iout = ljp€ . (236)

Furthermore, since we are considering far-off resonance schemes, the effects of Doppler broad-
ening are negligible and the proper optical depth to consider is the hypothetical intensity
attenuation on atomic resonance in the absence of Doppler broadening (Gorshkov et al.,
2007¢). The optical depth is specific to an atomic transition and can be expressed in terms

of the absorption cross section o as (Borregaard et al., 2016)

)\2
d; = o;pL, = 3Bi=—pL., (237)
2w

where p is the atomic density, L, is the sample depth, and §; < 1 is the branching ratio
(Clebsch-Gordan coefficient) from the specific excited state to the specific ground state. An
experimental estimation of d is given in chapter 3.

In the current context it is important to note that our experiment aims to interact with
the so-called "flat” spin-wave mode where the atomic mode is uniform along z. This is the
interaction mode, when the write process is spontaneous Raman scattering. In Gorshkov
et al. (2007b) it is explicitly found that the retrieval inefficiency from the flat spin-wave mode
follows the unfavourable 1/ Vd scaling.
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Figure 2.6: Cavity enhancement. We place the cell inside a single-sided cavity where the
laser input is through the high-reflector mirror (HR) whereas no intracavity light escapes
through the HR but through the outcoupling mirror with transmissivity Toy. The cavity
enhancement is threefold: 1) it enhances the effective optical depth d by the average number of
photon round trips. 2) it enables efficient coupling to the flat atomic mode. 3) it enhances the

ratio of intracavity laser power to outcoupled laser power, thus reducing the filter requirement.

In the same papers, the authors demonstrate that the atomic interaction is enhanced when
placing the atomic ensemble inside an optical cavity. It is found that that the optical depth
is enhanced by a factor F /7, i.e. the average number of photon round trips in the cavity.
Gorshkov et al. define the cooperativity C' = dF/(2m) where F is the cavity finesse! and find
that the inefficiency is given as 1/(1 4+ C) for the flat mode being the only cavity interaction
mode (Gorshkov et al., 2007a). The enhancement factor was found for a travelling-wave cavity
where the light passes the ensemble once per round trip.

In the work of this thesis, we make use of a standing-wave cavity. Tanji-Suzuki et al.
(2011) treats the case of a standing-wave cavity and finds that the free-space cooperativity
ngs = d/2 is enhanced by a factor 2F /7 in a gaseous ensemble. If instead the ensemble is
structured to overlap with the antinodes of the cavity mode, the enhancement is 4F /7. In
the case of a gaseous ensemble in a standing-wave cavity the cooperativity is thus
_dF

™

C (2.38)

This matches an intuitive enhancement from passing the cell twice per round trip compared
to the travelling-wave cavity.

In terms of retrieval efficiency the cavity thus grants two enhancements: 1) It increases the
effective optical depth (the figure of merit for efficiency). 2) It gives a favourable scaling of the
inefficiency for the flat mode ~ 1/C instead of 1/+/d. This is the case for both travelling-wave

and standing-wave cavities.

Moreover, the cavity grants a third enhancement which is a substantial reduction in the
laser power after the atomic interaction. Since we will be considering a cavity scheme where
both scattered photons and the laser pulse are in the cavity mode, a reduction in the laser

power relaxes the required extinction from filters in front of the single-photon detector. We

!Please note that Gorshkov et al. use a different convention for optical depth. Here the result is written in

the convention of the thesis.
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can quantify the reduction by considering the ratio of scattered photons to laser photons
towards the filter and detector

C _ Ps}a)ttnesc7 (239)
out

where Picatt X <&T€L> is the photon scattering rate and P, is the rate of laser photons at
the cavity output. The cavity escape efficiency 7esc is the probability that a photon scattered
into the cavity mode escapes into the detection mode through the outcoupling mirror. 7esc is
a function of intracavity losses and will be discussed and estimated in chapter 3. To optimize
the escape efficiency we employ a single-sided cavity between two mirrors where the incoupling
mirror is highly reflective and the outcoupling mirror is partially reflecting, see Fig. 2.6. In
this configuration negligible intracavity light is lost through the incoupling mirror.

We see from eq. (2.32) that the scattering rate depends on g and €2 such that
Pycatt o< |g’2‘9’2 o< dPintras (2-40)

where Pira o< []? is the laser power at the atoms (intracavity power). As discussed above,
the optical depth is enhanced by 2F/m by the cavity.

We can relate the intracavity laser power to the output power by considering the out-
coupling mirror transmissivity Ty (see Fig. 2.6). In a standing-wave cavity the intracavity
power is the sum of the power propagating in the two directions (which we shall here take to

be right and left). The two are given by

P,
Pi]izl{r = Lllta 2.41
tra Tout ( )
Piira = (1= Tout) P, (2.42)

with superscripts R and L referring to right and left propagation. The sum is thus given as

2
Pintra = P,il;l{tra + ]Di%tra - <T - 1> Poug.- (2-43)
out

In the free-space alternative, Pifgtm = (f;t /Mwin Where nyin describe the losses on the cell
output window. At the same time the scattered photons are subject to the same losses thus
Nwin drops out. Inserting the cavity enhancement of d and Pjyira/Pout, we find that the filter

ratio improves over the free-space situation by a factor

Ceav _ 2F 2

Here the enhancement is given in the three cavity parameters F, Ty and nesc which we shall
characterise in chapter 3. In that chapter we also show how the enhancement can be approx-

imated by the finesse as the only cavity parameter when assuming low intracavity loss.



27 Chapter 2. Single-photon interface in atomic ensembles

As a last remark on cavity enhancement we highlight another result from Gorshkov et al.
The authors find that there is one noticeable difference between quantum memory schemes in
whether they are performed close to resonance or far detuned. When considering the readout

process, Gorshkov et al. (2007a) reach the expression for the readout time

,.Y202 + A2

re = 2.4
VeI (2.45)

Tro ~
where 27y the excited state decay rate. Eq. (2.45) has two regimes: the resonance limit,
|A| < Cv, and the Raman limit, |A| > C~, with

res ,}/C
RO ™ ek |A] < C, (2.46)

2
Raman A

1; ~— A . 24

The two regimes have very different dependency of C. Strikingly, in the resonance limit, the
retrieval becomes slower when the cooperativity is increased. We see from eq. 2.47 that in the
Raman limit, the readout rate I'ro = T[{é has the same dependency on the cavity-enhanced
parameters C' and |Q|2 as Pscatt. We can use this to determine the cavity enhancement of ¢

in the read process. If we want to fix I'ro, we require

P 2F (2
f;
CPi = b = 22 = in > (2 -1). (2.45)

When accounting for the difference in readout efficiency, nr, and loss of scattered photons in

the cavity and free space situations, we thus have

gg _ n%{avnesc P(gflt _ 77(}?{“ cav (249)

RO nfmwin Psat 0 G

where 75"/ UE is of order unity. The cavity thus grants approx. the same filter ratio enhance-

ment is readout as for write.

2.6 Interaction with moving atoms

In the theoretical treatment above no atomic motion has been included. When working with
warm vapours, this is naturally an important aspect of the dynamics. As already mentioned,
in the diffusion model of Shaham et al. (2020) the excitation in the different atomic modes
decay into the other modes because of the atomic motion. The only exception is the symmetric
mode in an anti-relaxation-coated cell where the decay is not caused by spin diffusion but
only non-collective effects like wall collisions and atom-atom collisions.

In the theoretical proposal by Borregaard et al. (2016), atomic motion in the DLCZ

scheme was treated in the specific cell dimensions that are used in this thesis. The main
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difference is that Borregaard et al. considered hyperfine storage |s) = |F' =3, mp =3). In
the experimental realization we chose to store in the Zeeman coherence |s) = |F =4, mp = 3)
for reasons that will be discussed later. The main difference between the two configurations
is the frequency difference between |g) and |s), and hence the spin-wave wavelength, and the
dipole moments involved. A more subtle difference is that the Zeeman-storage configuration
enables four-wave mixing. The parasitic dynamics from FWM will be discussed in detail in
chapter 4.

The experimental realization proposed by Borregaard et al. employs a cubic, warm vapour
"microcell” with dimensions 2L x 2L x L, with 2L = 300pm and L, = 10mm. For vapour
cells this is an unusually small cross-section. The unusual choice is motivated by the need
for motional averaging. When the transverse dimension is small the atoms will quickly come
back and cross the beam several times. The secondary motivation is the higher laser intensity
when focussing on a small cell. This relaxes the filtering requirement as we shall show at the
end of this section.

The storage state is chosen such that the laser light can also be filtered by means of a
polarizer. The laser mode 2 is w-polarized, while the scattering mode ace is o-polarized,
see Fig. 2.7. For the same reason the magnetic field axis points perpendicular to the light
propagation. This enables the 7 polarization and invokes that scattering into o polarization
is linearly polarized orthogonal to m. Moreover, the proposal includes a low-finesse cavity
around the vapour cell ("cell cavity”) to exploit the advantages of enhanced interaction as

described in the previous section. The components of the proposal are illustrated in Fig. 2.7.

The motional-averaging technique proposed by Borregaard et al. is double-sided. On one
hand, the interaction with the laser light has to be averaged by the atomic motion to enhance
the interaction with the symmetric mode. Since the cell cavity mode is Gaussian, the coupling
to the laser light is spatially inhomogeneous. The experimental requirement to achieve the
motional averaging is rather simple since a long laser pulse enables the averaging.

On the other hand, the DLCZ scheme relies on heralding a single collective excitation by
detection of a single photon. This therefore requires that the interaction with the detection
mode is also motionally averaged. A single-photon detector detects the field intensity in a
near-instantaneous mode. (In fact a lot of work has been put into minimizing the temporal
jitter of single-photon detectors). The single-photon detection thus corresponds to a snap-shot
measurement of the atoms in the cavity mode. To enable motional averaging this “which-
atom” information has to be erased. Borregaard et al. propose to achieve this by the use of a
narrowband filter cavity between the cell cavity and the detector, see Fig. 2.7. The narrow-
band transmission window of the filter cavity effectively erases the correspondence between
time of detection and photon release in the cell cavity. Hence, atoms have traversed the beam

several times in the corresponding release window and the which-atom information is lost.
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Figure 2.7: Illustration of the proposal by Borregaard et al. (2016). The vapour cell
is placed inside a single-sided, low-finesse “cell cavity” with outcoupling rate k1. The cavity
field acen couples to the atomic coherences j_ via spontaneous Raman scattering. A high-
finesse "filter” cavity with decay rate ko erases the "which-atom” information by altering the
temporal correlation between detector click and light release in the cavity mode. The atomic
motion averages the individual atom amplitude ,, in the collective state during the effective

interaction time.

To aid the reader’s intuition for this detection strategy, it is to some extent the single-photon

equivalent of photography with long shutter time.

Borregaard et al. treats the motional averaging in the write process by solving Heisenberg’s
equations of motion of an ensemble of three-level atoms like the one in Fig. 2.4. The main
difference to the Hamiltonian in eq. (2.32) is that temporal variation of Q,,(t) and g, (t) is
linked with the individual atomic motion as it moves through the spatially inhomogeneous
cavity mode. The intensity profile of both Q,,(t) and g,,(t) is given by the standing-wave

cavity mode

—z2,()—y2,(t)

Qp, (t) = Qsin(kwazm(t))e w? ) (2.50)
—ag ()—yp (1)
gm(t) = gsin(kwazm(t))e w? , (2.51)

with the single-photon Rabi frequency g = Dgser/w/(2heV) where V = mw?Leay /4 is the
mode volume of the standing-wave cavity (Tanji-Suzuki et al., 2011). The excited state is
adiabatically eliminated similar to eq. (2.32). The outcoupled cell cavity field is propagated
through the filter cavity to yield the flux at the detector

N
a(t) = —@Tm > 0 ();, (2.52)
m=1

where 60,,,(t) describes the individual atomic coupling along its trajectory in the cell. It can

be written as
t ! tl ! 11 t” N 17 "
Qm(t) :/0 ar e—ng(t—t )/2/0 dt//e—m(t —t )/2/0 dtule—(w/Q—zA)(t —t )g;;(t”)Qm(t”’),
(2.53)
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where the spontaneous emission rate 7 is included. From eq. (2.53) we see the averaging effect
of the filter cavity with energy decay rate xo. The field from the cell is propagated through

the filter cavity kernel e~ #2(t=t)/2

which alters the temporal correspondence between atomic
position and time of detection.

To calculate the ensemble mean, (6(t)),, the inhomogeneous detuning due to Doppler
shift has to be considered. In the long time limit, i.e. e %2t/2 &~ ¢=%1%/2 ~ (0, Borregaard et al.

reaches the expression

3/2 ~ 2
o gQW A+w/2]w 1 (2.50)

9 — il
0())e 4T'p [ I'p L? Ki1ko'

where I'p is the Doppler width (angular frequency) and w(z) = e * (1 — erf(—iz)) is the
Faddeeva function that describes the complex refractive index of the ensemble. For room-
temperature I'p ~ 27 - 225 MHz.

When a single photon reaches the detector, the atomic state will be projected into the
single excitation state. But in what mode will this single excitation be? We can answer this
question by calculating the overlap with the symmetric mode after detecting a photon within
an integration time ¢iy;. Using the definition of the symmetric mode in eq. (2.25), the overlap

with the single symmetric excitation state |1) becomes

tint 9 tint 1 N A( ) 2 H%Hl tint 9

dt (1] a(t) |gg...g :/ dt — I alt = / dt N [(0(t)),]°,

/0 1180 lag--) = | dt (3 3"a(0) 6/ 6(0)).l
(2.55)

where the subscript e refers to the ensemble average. Here we used the non-normalized ensem-
ble state a(t)|gg...g). To get the normalization right, we need to divide with the probability

to detect a photon, given as

/O "t (ata(r)) = K%gl /0 . at N (10 (2.56)

We refer to the conditional overlap as the write efficiency, nw, and dividing eq. (2.55) by eq.
(2.56) we reach

Lint
W= Jo™ 140@). * dt (2.57)

Jym (o) at

The write efficiency thus becomes a measure for how well the heralding to asymmetric modes

has been averaged away by atomic motion during the effective integration time. We see
from eq. (2.54), that <|9(t)|2> depends on the temporal correlation in the individual atom-
light coupling (g*(t1)2(¢1) g(tg)eQ*(tg» . (assuming g, © constant over the fast dynamics in the
integral over t"”"). Borregaard et al. assumes that the correlations are exponentially decaying

such that

(9(0)g(t)), = {g(0)*)_ e " + (g(0))2 (1 — e, (2.58)
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and similar for 2. The assumption is verified from simulation. In the realistic limit where
the write pulse is long enough that the effective interaction time is set by the filter cavity
(tint > 1/K2) and the cell cavity can be ignored (k1 > T, k2), the authors find

-1
7’]W ~ (1 + m <7Tu)2 — 1>> ~ 1 — Npass‘ (259)

If the filter cavity is sufficiently narrow (I' > k2), the write efficiency can be approximated
with the number of passes an atom makes through the beam during the filter cavity decay
time, Npass ~ Tw? / (m2L2). We see that there is both a spatial and a spectral component
determining the write efficiency. The spatial "filter” is given by the filling factor w?/L? that
should be increased in order to spatially select the symmetric mode. The spectral selection
described by I'/kqy rejects the short-lived correlations of the asymmetric modes. In fact the
spectral selection also depends on the cell cavity mode. Borregaard et al. find from simulation
that I" ~ 1.3v/w where v is the average thermal velocity, thus I is related to the transit time
through the beam. For the microcell at room temperature and a beam radius w = 55 pm the
spatial decorrelation rate is I' = 27 - 0.75 MHz.

It is instructive to consider the motional averaging in the spectral domain. The temporal
correlation of the atom-light coupling (g(0)g(t)), gives rise to two distinct spectral compo-
nents, see Fig. 2.8: 1) a broad component with HWHM of I'/(27). This is the noise coming
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Figure 2.8: Left: Time-dependent coupling. The cell is illuminated by a laser with a
transverse Gaussian beam profile (red). Atoms move across the cell, bouncing off the cell
walls and other atoms (black dots), thus experiencing a time dependent light coupling. The
coupling experienced by the atom over time is given by g;(t). Figure from Thomas (2020).
Right: Spectrum of scattered light. The spectrum consists of a narrowband component
associated with the long-time correlation of atoms moving in and out of the beam and a
broadband component from short-time correlations related to the transit time through the

beam for an atom. Figure from Dideriksen (2017).
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from the transit time of an atom through the beam. 2) a narrow component from the long
coherent interaction with the atom over many wall bounces. The linewidth of this component
(Yeoh) is set by decoherence independent of atomic diffusion and is the spectral manifestation
of the macroscopic transverse spin coherence time T>. The scattering spectrum is often re-
ferred to as the spin-noise spectrum. In the spectral domain, the write efficiency is the ratio of
the energy in the narrow component to the total energy in the filter cavity bandwidth. This
makes for an experimental procedure for estimating the write efficiency by measuring the en-
ergy in and out of resonance with the narrow component. This tool is used for characterizing
the motional averaging as we shall discuss in chapter 4.

We shall also note here that Shaham et al. (2020) treats the spin-noise spectrum in a gen-
eral setting. In that work the authors find that in general the lineshape of the broad pedestal
depends both on the beam profile and the cell dimensions. The eigenmodes of diffusion de-
pend solely on the cell dimension while the amplitude of each mode depends on the overlap
of the laser mode with the atomic mode. For a high filling factor the coupling is strong to
the lowest-order modes. Because the spin-noise spectrum becomes a sum over modes with
different Lorentzian linewidths, the broad pedestal is in general not a Lorentzian lineshape.
However, when the filling factor is high, the broad pedestal is dominated by a single mode

and approaches a Lorentzian lineshape.

Since the purpose of the filter cavity also is to reject the laser photons escaping the cav-
ity together with the scattered photon, we shall here consider why a small transverse cell

cross-section limits the necessary laser power. We see from eq. (2.55) that the rate of scat-
2
|

tering (Rsymm) associated with the symmetric mode is proportional to N |(6(t)) From

e

eq. (2.54) we find the mean coupling proportionality (0(t)), o« gQw?/L?. For the laser field

amplitude at beam centre we have VPw™! with P as the laser power while also the

coupling of scattering to the cavity mode depends on the mode size with g oc w™!. Hence,
symmetric-mode scattering rate has proportionality
Rsymm & NP/L* < pL.P/L>. (2.60)

We see that Rgymm is proportional to the mean laser intensity over the whole cell cross-
section area. Thus, it is advantageous to choose a small cell cross-section to limit the filter
requirements. This is in contrasts to experiments that do not address the symmetric mode
and thus do not rely on atoms returning to the interaction region. There the scattering rate

depends on the beam cross-section area.

Readout

At the time of readout, any written excitations into the short-lived asymmetric modes will

have decayed. Ideally, the motional averaging during readout therefore does not impose any
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requirements on the filtering — only that a long pulse is required. However, the filter cavity
is still beneficial because it extinguishes the detuned laser light.

The readout becomes a competition of two processes. 1) The coherent readout into the cell
cavity mode and 2) loss due to spontaneous emission. In the limit of weak and long readout
pulse, Borregaard et al. find the readout efficiency, i.e. the number of retrieved photons per
excitation in the symmetric mode, to be

o ~ (1+ %)_1. (2.61)

This is the same fundamental limit described by the cooperativity as discussed in the previous
section. Furthermore, Borregaard et al. (2016) derives an expression for the readout rate which
scales the same way as the general result in eq. (2.45).

The readout rate can be increased through higher read pulse power but when the readout
rate becomes high, the level of motional averaging and thus retrieval efficiency decreases.
From simulation Borregaard et al. find the dependency on readout time as given in Fig. 2.9,
left. This clearly shows that a long readout time is required for the motional averaging. As
with the other effects of motional averaging, an improved filling factor is beneficial.

Borregaard et al. also considers readout noise from atoms incoherently transferred into the
storage state, e.g. from imperfect initialization or atomic decay. As discussed in section 2.4,
part of the incoherent population will overlap with the symmetric mode and thus be readout
in the same narrowband optical mode. The remaining overlap with asymmetric modes causes
readout of "incoherent” photons. Since these are much broader both spectrally and temporally
than the coherent photons, they can be filtered out by the filter cavity and a short read time.
The authors simulate readout probability of incoherent photons and find the dependency on

filter cavity linewidth as given in Fig. 2.9, right.
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Figure 2.9: Read efficiency and readout noise. Left: "Optimal readout efficiency as a
function of the readout time t.,,q without the filter cavity (corresponding to kg — o0). |[...]
we have assumed that teaq/3 = [eaq Where T'yeaq is the readout rate, which is proportional
to the classical drive intensity. The optical depth was assumed to be 168 as measured in the
experiment. The finesse of the [cell] cavity was varied between 20 and 100 to get the optimal
readout efficiency.” Right: "The probability to read out incoherent photons (p;) normalized
by the fraction of atoms (€) that have been incoherently transferred to the readout state as
a function of the linewidth, ko of the filter cavity. [...] we have assumed that t;eaqlvead = 3,
which ensures a temporal filtering of the incoherent photons while keeping a high readout
efficiency of the coherent photons.” Figures and captions adapted from Borregaard et al.
(2016), licensed under CC BY.
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2.7 Non-classical correlations

It is customary to verify non-classicality of optical fields by means of intensity correlation.
In this section we shall introduce and discuss relevant measures of intensity correlation and

their feasibility as figures of merit for applications of non-classical light.

Second-order correlation function

Classically, the second-order correlation function is defined as the two-point (time-averaged)

intensity correlation
V(P t1: 7, b)) = (I(7F1, 1) (7, t2)) - (2.62)

The quantum counterpart can be derived from the quantized electric field described by a;(t)

and the quantum counterpart of eq. (2.62) becomes (Gerry and Knight, 2004)

G(2) (F17t1; FQ,tZ) = <&§&£d1d2> . (263)

gD (71, b7, 1) = < (2.64)

From the general definition in eq. (2.64) we can define the second-order cross-correlation of
fields described by commuting operators ap,as (e.g. the write and read fields of the DLCZ

scheme)

@ _ (whg)
MR G (i) (269)

And the second-order auto-correlation

gZ(Z?) _ <nz’(<n7;>—2 1))

which takes a slightly different form because of the normal ordering of operators in eq. (2.63).

, (2.66)

We have omitted the time dependency of the number operator 7; because, in this work, we
shall only consider correlation functions of fields defined in a specific time window. The detec-
tor will not be limited to measure the number operator of a single quantized spatio-temporal
optical mode because of its operation principle. Instead it will measure a large range of modes
— both spectrally but also temporally as set in post-processing by our detection time window.
The measurement operator then becomes a sum over modes, D= >, ni. However, classical
bounds of correlation functions are still the same (see Sekatski et al., 2012). Pollution from

excitations in other modes will be discussed more in section 5.2.4.
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For verifying single-photon generation, we shall also concern ourselves with the conditional
read field, i.e. the read field conditioned on a single detection event during the preceding write
pulse. The conditional auto-correlation function is given as

2) _ (nr(Ar — 1))y
=

, (2.67)
where (..)};,_; indicates the expectation value over the conditional state.

Cauchy-Schwarz inequality

The Cauchy-Schwarz inequality 2111y < I? + I3 leads to classical bounds on the correlation
functions (Gerry and Knight, 2004; Clauser, 1974):

| < g®

ii (classical), (2.68)
2 .
(91(/(2/)1%) < gg)wg% (classical).
The latter is often quantified by the Cauchy-Schwarz parameter
2) \?
(93)
_ (2.69)

@ (2
IwwIRR

with the classical bound R < 1.
(2)

We shall also add that for two-mode squeezed states gy > 2 is often taken as signature

of non-classicality because the ideal squeezed state has g‘(,IQ/)W = 95%21)% =2

For photon-number states |n) we have the auto-correlation function

1
g =1-= n>o0. (2.70)

3

Based on this 91(12 ) <1 /2 indicates a high contribution from the single-photon state. Thus,
crossing this threshold is a milestone for any single-photon source.

For the ideal two-mode squeezed state, the cross-correlation is limited by excitation prob-
ability since

[e’¢) 2, n 1
@ _ 2 n=0 "0 PR (2.71)

IwRr =
(1= po) (o2 npf)? Po

where we have used the pair probability distribution in eq. (2.4). Please note that in the

absence of number-resolving detection (which is often the case in similar experiments), the

factors in the sums reduce to n = n? = 1, hence the ideal cross-correlation reduces to 9&)3)1%
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Write B Read
- —>

Figure 2.10: Setup for Bell-inequality violation. Entanglement generation and verifica-
tion between two sources, A and B, can be achieved by polarimetric measurements in the
write path and read path. The light from the two sources is orthogonally polarized and com-
bined into one path. A half-wave plate rotates the measurement basis. For verification, the
measurement is repeated in four different measurement bases with wave-plate angles {61, 62}.

The setup is equivalent to a polarization-entangled photon-pair source.

= 1/pp. Similarly, the conditional read auto-correlation is also limited by the excitation

probability. The dependency can be approximated to

2
gﬁu—?{‘wzl =~ 4dpo (2.72)
for small pyp and in the case of non-number-resolving detection (Chou et al., 2004). As we
shall see in section 5.2.4, low detection efficiency will produce the same approximate relation

in the case of number-resolved detection.

2.7.1 Relation to entanglement

An interesting property of the cross-correlation is that it can be related to the achievable
entanglement strength and thus the requirements for quantum network application (de Ried-
matten et al.,, 2006). If one assumes access to two identical two-mode-squeezed systems,
entanglement can be generated by erasing the which-path information of the heralding pho-
ton (e.g. as the entanglement-generation step of the DLCZ protocol). The correlation between
the retrieved fields can be quantified by performing joint measurements on the output modes
on two detectors.

The procedure for entanglement verification is to choose four sets of joint measurement
bases. This is often done by rotation of polarization as illustrated in Fig. 2.10. Here 61, 65 des-
ignates the half-wave plate angles with respect to a reference axis. In this configuration, the
system of two DLCZ sources is analogous to a single source emitting polarization-entangled
particles. The correlation function is calculated from detector coincidences according to
(Clauser and Shimony, 1978)

E(61,00) = Ont, £ Cramy = COniy = Cromy (2.73)
’ CTlTQ + CR1R2 + CTlRQ + CRlTQ

For fixed 01, the correlation function will follow a sinusoidal oscillation with 85, thus producing

and interference pattern. If two modes are indeed entangled, a rotation of #; will shift the
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interference pattern. In that case, the visibility of the interference pattern quantifies the
indistinguishability of the two systems.
For any choice of joint measurement bases using a set {61, 6]}, {02, 6,}, the Bell parameter

can be calculated as
S = E(01,09) + E(6,,02) + E(61,65) — E(0},05) <2V2. (2.74)

The canonical choice 0; = {22.5°,—22.5°},02 = {0°,45°} maximises the Bell parameter
(Matsukevich et al., 2005; de Riedmatten et al., 2006). This Clauser-Horne-Shimony-Holt
(CHSH) variant of the Bell inequality bounds classical correlations (explainable by local-
hidden-variable theory) to |S| < 2 (Clauser et al., 1969).

Next, if one assumes the photons scattered from the two systems, A and B, to be indis-
tinguishable and scattered with same probability, the only mechanism that can reduce the
visibility is uncorrelated background noise on the detector. Hence, the visibility can be re-
lated to the cross-correlation (de Riedmatten et al., 2006). This can be seen from Fig. 2.10.
Consider the configuration where there is no mixing between the sources (6; = 62 = 0) such
that write (read) photons from source A goes to T} (7T3) and photons from source B goes to
detector Rj, Ry. Then the positive coincidences in the numerator in eq. (2.73), Cry1,, Cry Ry,
are exactly the single system coincidences while the negative coincidences, C r,, Cr,1,, are

uncorrelated write and read across the two systems. For two identical systems this can be

written as
vop  _WR A+ (WR)p— (W), (R)p— (W) (R)
" WR A+ (WR)p+ (W) (R} + (W) (R) 4
_(WR) — (W) (R) _ givn 1 ;
VR + 7 (R~ o 51 (2.75)

The visibility V is directly related to the Bell parameter since S = 2v/2V (Marcikic et al.,
2004). Thus, V > 1/4/2 is required for Bell inequality violation. According to eq. (2.75) this

requirement corresponds to gg,)R > 5.8.

For cold atoms CHSH inequality violation was shown by de Riedmatten et al. (2006) us-
ing two spin-wave modes of the same ensemble. With gg,)R = 57 the authors were able to
obtain S = 2.7 + 0.1 limited by a small imbalance in the excitation probability of the two
modes. The same group later demonstrated entanglement of two independent atomic ensem-
bles (Laurat et al., 2007). More recently, Li et al. (2020) demonstrated entanglement of two

independent, warm atomic ensembles in a similar way.



Chapter 3
Experimental Set-Up

In this chapter we shall describe and characterize the experimental setup that was build
and used to demonstrate the DLCZ scheme. The demonstration is described in chapters 4
and 5 where the latter presents the latest results on the current experimental setup. The
specificities of this chapter relate to the current setup but the concepts are the same for the

early experimental setup.

3.1 Vapour cells

The caesium ensemble is contained in a glass cell where a caesium vapour fills the entire cell
volume. The type of cell used in this work is referred to as a vacuum cell since it contains
caesium evaporated into an evacuated chamber. This is opposed to buffer gas cells where
the atomic vapour is mixed with a buffer gas at a desired pressure (typically tens of torr).
Prior to caesium loading, the cell is coated with an anti-relaxation coating on the inside,
covering ideally the whole internal surface. These coatings are typically formed by alkanes
(paraffin) which is known to allow tens of thousands of wall collisions before depolarizing.
The temperature is typically limited to 60-80 °C for paraffin coating before melting influences
the anti-relaxation properties. On the other hand, alkene compounds have shown better anti-
relaxation performance but are limited to temperatures only slightly above room temperature
(Balabas et al., 2010). When very high temperatures are needed, e.g. in spin-exchange-
relaxation-free application, the coating material is often formed by organochlorosilanes (Chi
et al., 2020). The cell used for DLCZ demonstration has paraffin coating.

In general vapour cells are made with a main volume (typically cylindrical) where the
vapour is supposed to interact with light. Attached to this main volume is a ’stem’ contain-
ing a droplet of solid metal (in our case caesium). The presence of condensed caesium enables
control of the vapour pressure and hence the atomic density by varying the cell temperature.
However, the collision of evaporated atoms with the condensed caesium is highly depolarizing.

So in order to maintain long spin coherence times, it is important that caesium only condenses

39
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Figure 3.1: Micro cell design. A glass chip with a 300pum x 300pm x 10 mm channel
is encapsulated in a cylindrical glass cell. The complete internal surface is anti-relaxation
coated. From a droplet in the cell stem caesium evaporates into the cell volume. The micro-
channel is connected to the encapsulating volume via a funnel-shaped micro hole. Drawings
adapted from Enault-Dautheribes (2017) and Thomas (2020).

in the stem and that the stem is connected to the main volume through a small channel to
lower the rate of atomic exchange between the coherent atoms leaving the main volume and
incoherent atoms entering from the stem. A common technique for ensuring that the caesium
condenses in the stem only is to keep the stem a few degrees colder than the main body.

However, in the present work we have not found it necessary to cool the stem.

As discussed in section 2.6, for fast motional averaging and relaxed filtering requirements,
we require a small cell cross-section for the DLCZ experiment. This has inspired a novel
design of the vapour cell which is illustrated in Fig. 3.1. Because of the small geometry we
refer to this design as 'micro cells’. An interaction volume of 300 pm x 300 pm x 10 mm is
formed inside a glass chip by glass pulling. The square cross-section is chosen in order to en-
able good optical access from the side which is needed for optical pumping. For such a small
cross-section the lensing effect for side illumination would be substantial had the channel been
cylindrical. The glass chip is produced by VitroCom Inc.

To enable attachment of windows and stem by standard glass blowing, the chip is placed
inside an encapsulating cylindrical glass cell. Glass blowing directly on the chip would deform
the chip. The chip is clamped between two windows which are then glass blown onto a glass
tube to form the encapsulating cylinder. The clamping is tight in order to avoid atomic
exchange at the windows. Instead the chip channel is connected to the encapsulating cylinder
through a small laser drilled hole at the channel centre. The hole diameter is typically 20-
30 pm.
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Because the cell is intended for application inside an optical cavity, the light transmission
loss has to be minimized. To minimize reflection the windows are anti-reflection coated on
both sides. The anti-reflection properties survive the cell fabrication.

After glass blowing the cell is cleaned internally using hydrochloric acid followed by evacu-
ation. The anti-relaxation coating is applied by evaporating the coating into the cell through
the stem at high temperature (280-380°C). As a final step the caesium droplet is introduced
in the stem and the stem is sealed off by glass blowing.

Over time it can happen that the cell properties change, e.g. spin coherence time decrease
or atomic density decrease. We speculate that this behaviour is caused by atoms condensing
inside the channel or the coating migrating potentially clogging the micro-hole. We have
found that such changes can in many cases be remedied by ’recuring’ the cell. The recurring
process involves heating the cell to 70-90 °C for several hours and letting it slowly cool down
while keeping the stem a few degrees colder than the main body.

We owe great gratitude to Assoc. Prof. Mikhail Balabas of Saint-Petersburg State Uni-
versity for fabricating our vapour cells using his expertise in anti-relaxation coating as well

as glass blowing.

3.1.1 Magnetic shielding and bias field coil

For all experiments relying on spin coherence, the relaxation induced by magnetic field fluc-
tuations has to be minimized. For this reason we employ a standard magnetic shield. The
shield consists of several layers of iron, aluminium and p-metal (a high-permeability alloy)
which screens both power-line and high-frequency magnetic noise as well as the constant
Earth field. In the DLCZ experiment the suppression does not have to be extremely high
since we apply a strong bias field and the spin coherence time is already limited by the small
cell cross-section. However, we do have to minimize spatial inhomogeneity in the strong bias

field to limit inhomogeneous broadening of the spin-resonance line.

The bias field is produced by a current in a bias coil in a Lee-Whiting-type configuration
with three coaxial pairs of equidiameter loops (see Fig. 3.2). The bias coil creates a field
oriented transverse to cell channel with a good uniformity along the channel. To compensate
for a small second-order inhomogeneity we add an extra coil in a double-saddle configuration
which produces a field in the same direction as the bias coil but with opposite second-order
inhomogeneity. By carefully optimizing the current ratio in the two coils, the field can become
highly uniform along the 10 mm channel. This enables operation at the Larmor frequency
2.4 MHz, corresponding to 6.9 G, without strong line-broadening from inhomogeneity. Both

coils are wound on the outside of an aluminium frame which screens RF field fluctuations.

Furthermore, we insert a small RF coil in a Helmholtz configuration inside the aluminium
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Figure 3.2: Left: Cell setup. The cell is held inside a magnetic shield where a coil set (not
to scale) generates a bias magnetic field. Optical pumping comes from the side of the cell.
Right: Optical pumping scheme. A o -polarized 'pump’ laser on the Dy 4 — 4’ line
(blue arrows) accumulates atoms in the dark |4,4) state after several absorption cycles. A
o4-polarized 'repump’ laser on the Dy F' = 3 line (orange arrows) recycles atoms into the

F' = 4 ground state manifold.

frame. The RF coil generates a field perpendicular to the bias field and is intended for RF
spin excitation in characterization measurements. We emphasize that because the RF coil is
inside the aluminium frame, it is very important that the coil connector is terminated during
experiments where it is not in use. If the connector is left open, substantial magnetic noise

will be coupled from the outside to the cell causing excess spin noise.

3.1.2 Optical pumping

In the DLCZ experiment we require all atoms to be initialized in |F = 4, mp = 4) which is the
maximal spin alignment along the magnetic field axis. The magnetic field points perpendicu-
lar to the microchannel. A way to achieve this is through optical pumping from the side. By
applying resonant light carrying non-vanishing angular momentum, the angular momentum
is transferred to the atoms through absorption. We use a o -polarized 'pump’ laser locked
close to the 4 — 4’ transition on the Dy line. Absorption transfers atoms to the excited state
level with Am = +1 as illustrated in Fig. 3.2. When atoms spontaneously decay, they will on
average have gained angular momentum. This step-wise spin aligning continues until atoms
have gathered in the dark state |4,4). Spontaneous decay will also happen into the F' = 3
manifold hence we need a 'repump’ laser to transfer atoms back to the /' = 4 manifold. The

repump laser is also o4 -polarized to assist the spin alignment and it is locked near the 3 — 2/
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transition on the D; line. More precisely it is locked on the 2’,3’-crossover of a Doppler-free
spectroscopy signal. The efficiency of this optical pumping scheme is investigated in detail in

section 3.3.2.

A downside of the encapsulated micro-cell design is that the optical access to the micro-
channel from the side is distorted by the encapsulating cylinder. The glass-blowing attach-
ment of the windows leaves dents in the cylinder tube near the window interface. That means
that the regions close to the windows are inaccessible from the side (typically 10-20% of the
full channel length). To remedy this, we are investigating other techniques for bonding the
windows such as laser welding (both CW and pulsed) and anodic bonding. This includes

techniques for attaching the window directly onto the micro-chip.

3.2 Optics and electronics

3.2.1 Filtering

The price to pay for using a scheme with single-photon detection as opposed to homodyne
detection is that the frequency selection happens for absolute frequency and not relative to a
local oscillator. The light will have to pass an absolute frequency filter which means that the
filter frequency has to be stabilized and that the signal bandwidth must be accommodated
by the filter to avoid suppression.

In this work, we use optical cavities for spectral filtering. For all cavities one of the cav-
ity mirrors is clamped with a piezo-electric transducer. Applying a voltage across the piezo
translates the mirror on sub-wavelength scale whereby the cavity length, hence the resonance
frequency, changes. Over the years the design of the cavities has been modified and improved.
Here we shall only present the cavities used in the most recent D;-line experiment described

in chapter 5.

In the latest version, the experiment has two independent filtering setups - one for write
and one for read. The purpose of the filters is both to reject the excitation laser light that
comes out of the cell cavity together with the scattered signal, and to suppress the broadband
scattering associated with asymmetric atomic modes.

To reject the excitation light, the first stage of the filtering is a Glan-Thompson polarizer
immediately after the cell cavity to separate the two linear polarizations of excitation light
and scattered light, see Fig. 3.3. The polarizer suppresses the excitation light by approx. 40
dB. In principle higher extinction with commercially available calcite polarizers is possible
but the rejection is limited by polarization distortion from cell cavity birefringence. We place
a quarter-wave and a half-wave plate before the polarizer to optimize the rejection.

During the write pulse, the scattered light in vertical polarization travels to the write fil-
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Figure 3.3: Polarization filter and write filter stages. After the cell cavity the light is
polarization filtered on a Glan-Thompson polarizer (GT). The vertically-polarized (o) write
scattered light propagates to the write filter stage. The filter consists of two cavities: first
a triangular cavity which reflects the detuned residual excitation light, second a Fabry-Perot
cavity to reflect the last reminiscence of excitation light. A Faraday isolator rejects reflected
light from the Fabry-Perot cavity as it travels backwards. The lock light paths for the two
cavities are illustrated as green, dashed lines. For the triangular cavity we use the counter-
propagating mode to lock. For the Fabry-Perot cavity we use the orthogonal polarization

mode to lock by inserting polarizing beam splitters (PBS).

ter while the horizontally polarized laser light is rejected towards the off-resonant read filter.
Conversely, during the read pulse the scattered light is horizontally polarized and travels to

the read filter while the laser light is rejected towards the off-resonant write filter.

In the write setup, the spectral filter consists of two cascaded cavities. The first one is a
triangular cavity. The advantage of a travelling wave cavity is that there are two fundamen-
tal modes (travelling in opposite directions). Hence the locking light and the signal can be
in separate spatial modes. However, because of the very sensitive single-photon detection, we
are still unable to lock the cavity continuously without excess noise on the detector.

To achieve high transmission we chose a design with identical in- and outcoupling mirrors
with modest reflectivity of 99.91%. This limits the finesse to a few thousand but we achieve a
FWHM linewidth of about 70 kHz by using a long round trip length of 1.49m. The theoret-
ically expected suppression of the excitation light is approx. 40 dB. We used this cavity for
both Do and D; experiments and the more precise linewidth for the respective wavelengths

is given in the respective chapters 4 and 5.

The second cavity is a Fabry-Perot cavity where the main purpose is to add suppression
of the excitation light. Therefore the linewidth is designed to be significantly broader at
240kHz. This still gives a suppression of almost 30 dB at the laser frequency while relaxing
the sensitivity to frequency fluctuations.

The two mirrors of the cavity are mounted on a cylindrical Invar steel spacer. The spacer
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is clamped at the centre in a ring mount fixed to the optical table.

The standing-wave cavity only has a single spatial, fundamental mode. Hence the lock light
is separated by using orthogonal polarizations. The two linear polarizations are overlapped
on a polarizing beam-splitter (PBS) in front of the cavity and separated on a PBS after the
cavity such that the lock light transmission is sent to a photodetector.

We place Faraday isolators between the cavities to avoid any coupled cavity effects.

Both cavities are locked to a signal derived from the excitation laser. The lock pulses are
generated with an acousto-optical modulator (AOM) which enables control of the locking fre-
quency for the cavities by selecting the modulation frequency. We lock the cavities in a lock-in
scheme where the lock light frequency is modulated at +3 kHz around the target frequency.
The lock light transmission is recorded on a photodetector, demodulated and input to a PID
controller which feeds back to the cavity piezo.

Because of the lock light pollution of the single-photon detection we cannot keep the lock
light on continuously. Thus we implement sequential locking scheme where the cavities are
actively locked in the first stage and frozen in the second stage where the lock light is off
and the experimental pulse sequence is carried out. This heavily limits the lock bandwidth.
During the freezing stage, the cavity frequency fluctuations rely on passive stability. Therefore
the lock can only suppress slow drifts on the timescale of the freezing stage duration which is

typically about 65 ms.

Read filter

Where the write filter setup is to a large extent a reuse of the filter used for the early ex-
periments, the read filter was redesigned based on the experiences of the first experiment.
Here we use two almost identical Fabry-Perot cavities, each mounted on a 30 cm spacer which
is clamped at the centre point with a ring mount. The design is an early version of a high-
stability design developed in parallel at QUANTOP by Galinskiy et al. (2020). The measured
linewidths of the two cavities are 117 kHz and 128 kHz, respectively. Again the lock light is in
a polarization orthogonal to the signal. We chose to use a combination of PBSs and quarter-
wave plates such that the light reflected off the cavity would not return in the same path as
it came. This way we suppress coupled cavity effects between the cavities in the path (cell
and filter cavities).

We made the filter setup somewhat compact such that it fits on a 30 cm x 60 cm optical
table. For that reason we chose to split the lock light for the two cavities on the same PBS
where the overlapping with the scattered photons happens and input the lock light to the
second cavity in the reverse direction. This turned out to be a design flaw. As indicated in
Fig. 3.4 this opens a path for the quantum signal to bypass the cavities and still reach the

detector. To remedy this flaw, we inserted a mechanical beam shutter in the bypass path to



Chapter 3. Experimental Set-Up 46

To Single-Photon Detector

<€

A

Short cut path

—{/-—

From Cell Cavity

!
—
T
o)
nn

1
I
I
I

\/

Figure 3.4: Compact read filter setup. Two sequential Fabry-Perot filters are locked with
a beam (green, dashed line) split on the same PBS which combines with the light from the
cell cavity. This enables an unintended short cut path for the cell cavity output light (blue
line). A quarter-wave plate before the first cavity avoids that the cavity-reflected light returns
to the cell cavity. However, reflection from the second cavity would still return if the Faraday

isolator (FI) is removed.

block it during the freeze window.

The locking of the read setup is again done through lock-in detection. However, here
the cavity resonance frequencies are modulated via the cavity piezos instead of the lock light
frequency.

Where the write setup uses home-made analogue electronics for locking, the read locks were
based on a more versatile digital platform. We use the cheap Red Pitaya field-programmable
gate array (FPGA) board together with a modified version of the PyRPL software pack-
age (Neuhaus and Deléglise, 2017). Together with a PC-controlled relocking algorithm the
modulation, demodulation and feedback happens on the FPGA board. This makes for an
easily-deployable, fully-automatic lock.

To avoid limitations due to the finite bit resolution of the digital-to-analogue converter on
the FPGA board, we use a two-channel lock routine. A coarse channel can scan more than
a free-spectral range (FSR) of the cavity and is used to find the resonance. When close to
resonance, the coarse channel freezes while the feedback is applied on a fine channel which also
contains the modulation signal. The output of the two channels is combined on a summing

amplifier that drives the cavity piezo.

In both write and read spectral filters we observe a suppression of about 60 dB of the ex-
citation light over the transmission of the scattered light. Combined with the polarization
filtering, the excitation light is suppressed to a degree where it is not limiting the experimental

results.



47 Chapter 3. Experimental Set-Up

Feedback

mirror

Faraday
Isolator

Faraday A
Isolator 2 pBs

N __ Nau| N

J“Wh i Lock

Cavity

To experiment

Figure 3.5: Narrow-line laser setup. An external-cavity diode laser (ECDL) is line-
narrowed by optical feedback from a referenced ’lock’ cavity. The details of the scheme

are explained in the text. The figure is adapted from Zugenmaier (2018).

3.2.2 Excitation Laser

The spectral filters invoke a requirement on the excitation laser linewidth. In the DLCZ
experiment, the scattering happens at a specific sideband frequency of the excitation laser.
Therefore the laser linewidth must be narrower than the filter linewidth to avoid suppression
due to spectral mismatch.

To meet the requirements we employ a custom-build laser source inspired by the optical-
locking scheme by Hayasaka (2011). In the scheme, a home-build external-cavity diode laser
(ECDL) is locked to a narrow-linewidth cavity via resonant optical feedback. The setup is
illustrated in Fig. 3.5. The output of the ECDL is coupled to a triangular ’lock’ cavity and
the reflection is used to analyze the cavity detuning in the modulation-free Hansch-Couillaud
method (Hénsch and Couillaud, 1980). The transmission is split on a PBS such that a small
fraction impinges on a phase-stabilizing feedback mirror that reflects the cavity-transmitted
light back into the ECDL. The feedback mirror is attached to a piezo that controls the phase
of the feedback light. A PID controller stabilizes the feedback phase in an electronic feedback
loop using the Hansch-Couillaud error signal.

In this setup the lock cavity acts both as a spectral filter of the ECDL light and as a
reference cavity for optical feedback. Through a beat note measurement with a narrow line
reference laser, the laser output linewidth was determined with an upper limit of 30kHz
(FWHM) in 200 ps (Dideriksen, 2014b).

We designed the lock cavity such that it is mounted on the same spacer as the triangular
filter cavity described above - one above and one below a 0.75m H-profile aluminium bar.
The idea was to have suppression of common-mode noise from the mechanical modes of the

spacer. While this is achieved to some extent, we still observe substantial noise from spacer
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bending modes with anti-correlated path length excursion. More details on the laser system
can be found in Zugenmaier (2018) and Dideriksen (2014a).

In order to lock the excitation laser with respect to the caesium line, we beat it against
the pump laser (locked on the 4 — 4’ transition). The beating frequency is analyzed in an RF
electronic interferometer in the scheme of Schiinemann et al. (1999). Via a PID controller the
error signal is fed back to the piezo of the lock cavity thereby stabilizing the laser frequency.

In the DLCZ experiment we need excitation light in well defined write and read pulses.
We use the first-order diffraction of an AOM to control the pulses. The amplitude of the RF

drive is used to shape the pulses.

3.2.3 Single-photon detection

At the output of the filter stages, the single-photon detectors are located. In the early Ds-
line experiment we used a single-photon avalanche detector (LaserComponents Count-10)
while for the Di-line experiment we used super-conducting nanowire single-photon detectors
(SNSPDs from Photon Spot). Though the operation principle of the two types of detectors is
very different, the output signal is very similar. For each photon impinging on the detector a
fast pulse is output with a finite probability, the quantum efficiency. A pulse is followed by a
"dead’ time where new impinging photons cannot generate an output pulse. Because of this
behaviour single-photon detectors are often referred to as ”click” detectors. If there is light on
the detector, it gives a click but it does not resolve the light power. However, if the photon
flux is low, such that the mean time separation between clicks by far exceeds the dead time,
the detector click rate is linear in the input power.

In the case of the present DLCZ experiment the pulses during which we aim to detect
single photons are tens of microsecond long. This is significantly larger than the detector dead
time which is less than 50 ns for both detector types. Therefore the single-photon detectors
are effectively photon-number resolving within the long pulses for up to several photons per
pulse without need for dead time correction. This feature enables the use of a single detector
to measure the second-order auto-correlation whereas typical auto-correlation measurements
of short pulses involve two detectors in a Hanbury-Brown-Twiss setup.

Electronic noise of the detectors causes ’dark’ counts to appear even when the optical
input is blocked. Because of the long pulses in the experiment, the obtained results are
sensitive to the dark count rate. More precisely, the detector signal-to-noise ratio (SNR)
for a single photon is given by 7qe/(tpTdark) Where 74 is the quantum efficiency, ¢, is the
pulse duration and rq. is the dark count rate. Here the SNSPDs excel over other detector
types since 7ge > 90% is available for near-infrared light and rgsk can be far below 1Hz.
Practically, the background count rate is limited by screening of stray light from the detector.
In the experiment we operate far below a mean photon rate of one per pulse. Hence, the

detector SNR must be much higher than one (rather in the thousands) to suppress dark
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count pollution. For pulses of 50 ps, the intrinsic detector SNR is greater than 10* for our
SNSPDs.

3.2.4 FPGA sequence control

At the heart of the experiment we employ a custom-configured FPGA board to control the
experiment. We define the experimental sequence and evaluate it on the FPGA board from
where triggers and pulse shapes are distributed to the individual experimental apparatus. As
such, the FPGA operates as the experiment clock. The pulses from the single-photon detectors
are input on the FPGA where they are time tagged with respect to the experimental cycle.
All time tags are stored on a hard drive for later processing.

Due to the low excitation probability and long light pulses the experiment has to run for
hours for each data point to have enough trials to estimate correlation values with satisfactory
statistical uncertainty. On this timescale, the experiment is prone to slow drifts, particularly
in propagation losses because of cavity misalignment. To mitigate the influence of drifts on
results, we interleave trials for different sets of parameters. The FPGA randomly picks from
a set of predefined experimental sequences with different parameters such that interleaving

happens on the one second time scale.

3.3 Characterization

3.3.1 Optical depth

As discussed in section 2.5 the figure of merit for the performance capability of an ensemble-
based quantum memory is the optical depth (OD). Here we present a characterization mea-
surement to estimate the atomic density in the cell from which we can calculate the hypo-
thetical OD.

The measurement is performed as illustrated in Fig. 3.6 by simply sending a weak probe
beam through the ensemble and recording the transmission power on a photodetector behind
the cell while scanning the probe frequency. The probe has to be kept sufficiently weak to
avoid saturating the atomic transitions. For microcells this typically means < 50 nW.

We use probe light at the Do line and scan the probe light across both hyperfine ground-
state transitions. The recorded signal displays the Doppler-broadened transitions separated
by 9.2 GHz, see Fig. 3.6. For a sample of low optical depth (e.g. a microcell at room tempera-
ture), the atomic density can be well estimated by simply integrating over the absorption dips
(see Fabricant, 2014, as an example). However, when the OD becomes appreciable, a more
reliable estimate can be obtained from fitting. We fit an absorption model which accounts for
the Voigt profile of the different transitions involved and their absolute strengths. The fitting
algorithm was developed by Schmieg (2018).
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Figure 3.6: Atomic density measurement on the Dy line. For the cell G2” at 42.2°C.

We see the absorption lines for the two ground state hyperfine levels. The splitting of the

excited states is smaller than the Doppler broadening and hence not resolved. The yellow line
is a fit of the model in eq. (3.3).

The frequency-dependent attenuation of the probe light can be described by an absorption
coefficient, a(v), from Beer-Lambert’s law
Pout —po(v)L —a(v)L
= * = # 3.1
e et (3.1)
where o is the atomic density, o(v) is the absorption cross section and L, is the sample depth.

The absorption spectrum is given by the Voigt function

N\2
— 2l
D

00 oA
Spp(v) = / dv/ Ar” (3.2)

e
—oo (v —vpp)?+ (%)2 \/%FD ’
i.e. the convolution of Doppler broadening with HWHM I'p = 233 MHz and the natural
line centred at the tramsition frequency of F© — F’. The excited state decay rate is v =
2m-5.23 MHz. The Voigt function is then weighted according to the relative transition strength

Appim, given by Clebsch-Gordan coefficients (for a table of values see Steck, 2010). Thus,
a) =k Y AppmgSer(v) . (3.3)

F,F' mp
k1 is a fit parameter which is proportional to the atomic density. Here we assume a uniform
distribution of atoms between all ground state levels. Since the probe power is low, this is a
good assumption.

By integrating over the data-fitted theoretical absorption spectrum and normalizing to

the atomic absorption cross-section, o, we find the atomic density

 adr 1 o0
N fzoo o(v)dy ’R’CT’ef/O a@)dy. (34)
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where 7, = 2.8179 x 1071 m is the electron radius and f = 0.7164 is the Ds-line absorption
oscillator strength including the degeneracy of the level structure (Steck, 2010). Here we have
used [;¥ o(v)dv = weref (Foot, 2005).

Because of the high OD in the centre of the absorption dip, where the beam is almost
fully absorbed, the fit becomes mostly sensitive to the width of the dip rather than the actual
level at the dip centre. The sensitivity to the width then calls for a careful calibration of the
laser frequency scan. To that end the probe light is simultaneously sent to a Mach-Zehnder
interferometer to correct for non-linearities in the frequency scan. The hyperfine splitting of
the ground states can then serve as the absolute frequency reference.

One might notice in Fig. 3.6 that the signal-to-noise ratio decreases for increasing laser
frequency. This is an artefact of the laser scan also changing the probe power. The transmis-
sion data is corrected for the input probe power dependency on frequency. The dominating

noise source is the detector electronic noise.

For the cell used in the DLCZ experiments (internally labelled "G2”), we obtain an atomic
density p = (25 +3) x 101 m~3 at the operation temperature 7" = 42.2°C. The error is a
conservative estimate from the fit residuals. Hence, the corresponding number of atoms in-
side the microchannel is N = 300 pm? - 10 mm - p = (0.22 £ 0.02) x 10°. For a fully-polarized
ensemble, the optical depth on the Dj, m-polarized, |4,4) — |4’,4’) transition can then be
calculated according to eq. (2.37)

A2 2
dr = 3Bas—pL, = —pL, = (0.32£0.03) x 10° (3.5)
2 2w

where we have included the branching ratio 844 = 1/3 of spontaneous-emission decay from
the excited state [4’,4’) to |4,4) (Steck, 2010). A = 894.6 nm is the D;-line wavelength and
L, is the cell length.

3.3.2 Magneto-optical resonance spectroscopy

One of the most important characterization techniques that we employ is magneto-optical res-
onance spectroscopy (MORS) — also sometimes referred to as RF spectroscopy. The concept
is to record the atomic response to an external AC magnetic field by mapping the collective
spin state onto light. The technique can be used for determining transverse spin coherence
time 75 as well as the atomic population distribution. The latter is especially of interest when
optimizing optical pumping where typically the goal is to achieve the highest possible atomic

spin orientation.

Here we will present an outline of the technique and show how the atomic population distribu-
tion is mapped to the recorded photo detector signal. We will discuss some recent refinements

of the technique developed over the course of the PhD work and apply MORS to optimize
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Figure 3.7: Pulsed magneto-optical resonance spectroscopy. Initially the atomic en-
semble is optically pumped. Then an RF pulse generates an RF magnetic field perpendicular
to the bias magnetic field. The pulse tilts the macroscopic atomic spin that precesses around
the magnetic field. Linearly polarized probe light maps the spin component J, onto the light
Stokes component S, which is recorded on a photodetector by measuring the light polarization
at 45°.

and characterize the atomic system.

The idea was presented by Julsgaard et al. (2004b) who mainly focussed on continuous
pumping and probing while sweeping the magnetic field RF frequency across the atomic
resonance. Since the DLCZ scheme is a pulsed scheme where the optical pumping is turned
off prior to experiments, we would rather like to probe the atomic state in a pulsed pumping
scheme. The pulsed MORS scheme is depicted in Fig. 3.7. Initially the atomic ensemble is
optically pumped using both pump laser and repump laser. Immediately after the pumping
beams are turned off, a short pulse (typ. 50ns) RF current is run through a Helmholtz coil
pair inside the magnetic shield. This produces an RF magnetic field transverse to the bias
magnetic field which will tilt the macroscopic atomic spin away from alignment with the bias
field and it will start to precess.

Immediately after the RF pulse stops, off-resonant probe light is turned on and after
interacting with the ensemble the probe polarization is analysed on a photo detector. The
spin precession is mapped onto the probe light polarization.

A central difference to the method used by Julsgaard et al. (2004b), and later also by
Chalupczak et al. (2018), is that the magnetic RF signal is not applied continuously (single
frequency or sweep) but instead applied as a short pulse between pumping and probing. In
this fashion the probe signal measures the kick response of the macroscopic atomic spin.

An example of the pulsed MORS signal is displayed in Fig. 3.8. The data in the figure
was recorded with the bias magnetic field turned off leaving only the residual field that is
not screened by the magnetic shield. We see clearly how the precession is excited by the RF
pulse and decays while being probed. It is important that the probe intensity is low to avoid

additional decay from light absorption.
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Figure 3.8: Example of pulsed magneto-optical resonance spectroscopy signal. With
no bias magnetic field applied, the Larmor frequency is set by the residual field inside the

magnetic shield. Here the Larmor frequency is 1.3 kHz.

Macroscopic spin

First we expand the macroscopic spin operators defined in section 2.3 to include the nuclear
spin of caesium. Typically, the laser detuning is chosen such that interaction only happens
with one of the hyperfine manifolds F'. We will therefore describe the macroscopic spin within

a single hyperfine manifold. The three macroscopic spin components can be written as

. N F
=YY mpsl), (3.6)
k=1mp=—
. 1 N ) F-1 i &
Jy = 9 Z Z C(F,mp) (a-’gn1)7+l,mp + &7(721):‘,mp+l)
k=1mp=-—F
N F—Fl
= C(F,mp)Re [aﬁ,fj}mw} (3.7)
k=1mp=—F
-1 Ve (k) (k)
J. = 272 kz Z C(F7 mF) <a-mF+1,mF - a-mp,quLl)
=1lmp=—F
N F—f
-3 Y C(F,mp)Im [555;“,%} (3.8)
k=1mp=—F

with C(F,mp) = \/F(F +1) — mp(mp + 1) (Julsgaard et al., 2004b). In this case we can
also define a spin lowering operator as J_ = jy —i.J,. From the linear sums in the macroscopic
operators we see that we can consider the individual spin operators by removing the sum
over atoms. All experiments are performed with a high degree of atomic polarization which
means that we can apply the Holstein-Primakoff approximation and replace the operator
J, with its expectation value .J, (see chapter 2). Furthermore, we will consider an open

system where the longitudinal spin decay as J,(t) = J,(0)e %"t and the transverse spin as
(Jyz () = (Jy=(0)) e~/ T2,
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Macroscopic light
Similarly, it is beneficial to describe the polarization modes of light in terms of Stokes operators

instead of annihilation operators a;. For light propagating along z-axis we have

S = 5 (e — ), (3.9)
Sy = 3 (p — i), (3.10)
s;:%(;—ﬁ_). (3.11)

The three components of the Stokes vector § are then the intensity difference between or-
thogonal polarization modes in three bases: horizontal/vertical, diagonal/anti-diagonal, and
right /left-hand circular. In the following we will assume that the input light is horizontally
polarized such that <S“y“> = <Sg“> = 0 and we can replace S, with its expectation value S,

similar to the macroscopic spin operator.

Input-Output relations
The atom-light interaction has been treated by Julsgaard (2003) and Hammerer et al. (2010)

who show that the input-output relations of light travelling through an ensemble of atoms is
59Ut = S + aS,.J.. (3.12)

I.e. the atomic spin component along the light propagation direction will rotate the linear
input light polarization by an angle proportional to a <jz> where the vector polarizability
a is a function of probe light detuning. This is known as the Faraday effect. As a result
the atomic spin .J, is mapped onto the S'y—component of light. All MORS measurements are

performed far detuned (typically ~ 2 GHz blue of the Dy line 4 — 5’ transition) to avoid

absorption. Please note that we have omitted the back-action term —tjy = aJxS'iZn which
couples light input noise to the macroscopic spin (Julsgaard, 2003). For a coherently driven

spin oscillation the back-action will be insignificant.

We measure the output light polarization by first rotating the polarization by 45° through a
half-wave plate and measuring the light intensity after a horizontal polarizer (see Fig. 3.7).
This can be viewed as a self-homodyne measurement of the vertical polarization mode where
the horizontal mode is used as a local oscillator (LO). Since the two are propagating together,
the relative phase is passively stable. For small rotation angles, the detector photo current is
proportional to the angle and we have I(t) <S’§“t(t)> = aS; <jz(t)> plus an uninteresting
DC offset Ipc o< S;.

Response function

When the atomic ensemble is put in an external magnetic field, the spin interaction will give
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rise to the Zeeman effect described by the Hamiltonian Hy = QFMB;' B. For now we ignore
the higher order terms in B.

For a bias DC magnetic field the atomic spin will be precessing around the magnetic field at
the Larmor frequency vy, = grupBpc/h while an RF magnetic field, Bry sin(wt), transverse
to the bias field excites coherence between the magnetic sublevels (see Julsgaard et al., 2004b,
for a detailed derivation). To understand the interaction it is sufficient to consider single
atom interaction. The Zeeman Hamiltonian of a specific Hyperfine manifold F is then (in the

rotating wave approximation)

Hy = hinjy + gFfB <j'_BRFeM + h.c.> . (3.13)
From the Hamiltonian we get the Heisenberg equation of motion

1gF B BRF
4h

a6mp,mp+1

ot = (iAme - F/Q) 3mF7mF+1 +

C(F, mF)(a-mF+17mF+1 - a-mFﬂnF)

(3.14)

with Awp, = W — Wmpti,mye. Here we have added the decoherence I' = 2/T5 but ignore
the associated noise forces since the RF excitation is much stronger. The tilde indicates the
rotating frame 3j;€ = 6jkei“’t. Here we consider the coherences between neighbouring Zeeman
levels instead of the spin projections because the aim is to operate at high enough magnetic
field that the we can resolve the Zeeman resonances because of quadratic splitting. The
resonance frequencies wy, ,+1,m, are different because of a quadratic term in ﬁz which give

rise to a quadratic Zeeman splitting (Julsgaard, 2003)

2
2vf

VHFS

vQz = (3.15)
where vprs = 9.1926 GHz is the hyperfine splitting. This implies a second-order correction
to the first term in eq. (3.13) such that

“’“"Fzﬂ = vy, — voz(mp + 1/2). (3.16)
n

At our operating Larmor frequency v;, = 2.4MHz we get a quadratic splitting of vqz =
1.25 kHz.
For a stationary RF field, the solution to eq. (3.14) is
émF,mF-&-l(t) = 3mF7mF+1(0)e(iAme —T/t
1 — e(iAme—F/2)t

_ igrpBBrr
iAwp, —1'/2

4h

(Fv mF) [a-mF'i‘l,mF‘f'l(O) - &mF,mF (O)] (317)

where we assume that the population does not vary during the time ¢. In the continuous

MORS the frequency scan is slow enough that the coherences 3mF7m »+1 follow adiabatically
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and we reach the response function (Julsgaard, 2003)

. F-1
2 igrpuBBrr N F(F+1)—m(m+1) . .
w)=Im | ——F7F"""F— - o — 0
Z( ) 4R sz_:_F Z(meJerF _ w) _ Fmp—i-l,mp/z( mp+lmp+1 mF,mF)

(3.18)

This corresponds to the transfer function of 2F" superposed harmonic oscillators (in the high-
Q approximation). The relative amplitude of the oscillators in eq. (3.18) is given by the
population difference between neighbouring Zeeman levels, (G p+1,mp+1 — Omp,myp). Hence,
this signal can be used to measure the population distribution within the hyperfine manifolds.

We also assume that all coherences are subject to the same broadening I' = I'yy, . 41 -

Pulsed MORS
In our pulsed scheme, we apply an RF pulse which is much shorter than the coherence
time, trr < T5. The RF pulse consists of a single tone running for a fixed number of
cycles where the number of cycles is low enough that spectral width of the RF pulse is much
broader than the separation of resonance frequencies, i.e. trr < 1/vqz. In this regime, the
RF pulse corresponds to a “kick” where all oscillators see the same driving amplitude. The
coherences after the RF kick are described by eq. (3.17) where we can assume <3m am F+1> (t=
0) = 0 after optical pumping. Because of the quadratic splitting, the different Zeeman
resonances will acquire different phases from the RF excitation. The phase and amplitude of
<3mF,mF+1(tRF)> after the kick is calculated from eq. (3.17) and illustrated in Fig. 3.9 as a
function of RF detuning Awy, .. After the pulse we observe the superposed damped harmonic
oscillation which is described by the inverse Fourier transform of eq. (3.18) and exemplified
in Fig. 3.8. Because of the RF kick, there will be a relative phase between the coherences
Gmpmpi1 that needs to be factored in for each term in eq. (3.18).

We record the time trace and average over many trials (~ 500) to suppress incoherent
noise. The averaged time trace is then Fourier transformed (FFT) and the model in eq.
(3.18) is fitted to the complex Fourier data.

Population models

In the original technique (Julsgaard et al., 2004b), the authors reduced the number of fit
parameters by assuming that the population distribution follows a thermal distribution. For
a given atomic orientation p the population distribution would be the one that maximizes the
4—mp

entropy. They find that atoms are exponentially distributed according to (6 my) X €

The population-difference terms in eq. (3.18) are then

<6-mF+LmF+1 - a-mF:mF> o et7mE (6_1 - 1) (3'19)
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Figure 3.9: RF pulse response of the Zeeman coherences ng,mF-Fl' The phase and
relative amplitude was calculated from eq. (3.17) with tgrpl’ = 0.0471 which matches the
typical values tgrp = 50ps and I' = 27 - 150 Hz. A separation equal to the quadratic splitting
at vy, = 2.4MHz is then wqz = 8.3T".

This assumption has worked very well in the group over the years for reproducing the
MORS data. The reduction of fit parameters has been key to the successful fitting of the
model to data. However, when we reach very high atomic polarization in the microcells, we
observe a poor consistency between this model and the data.

In the very high atomic polarization limit, most of the 2F peaks vanish, simply because
the corresponding atomic levels are empty. Usually, we are able to distinguish three peaks
determined by atomic levels mp € {1,2,3,4}. Therefore we restrict the MORS model to just
three oscillators where the peak heights are independent fit parameters. The same model was
explored by Schmieg (2019).

Furthermore, we observe that the ability for the fitted model to reproduce the data im-
proves when including a relative phase between the peaks. This is specific to pulsed MORS
experiments where the atomic response does not reach steady-state evolution, as opposed
to continuous MORS. The phase will depend on the kick duration and the delay time after
the kick before data is acquired, as expressed in eq. (3.17) and Fig. 3.9. The reason is the
frequency difference between the peaks that leads to a relative displacement of the phases.

In this model the population-difference terms in eq. (3.18) are replaced by complex fit
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parameters

(044 — G33) — As3

(033 — 022) — A3

(02,2) = A2
(Ompmp) =0 for mp e [—4,1] . (3.20)

A comparison of the fitted models is shown in Fig. 3.10. From eq. (3.17) the relative phase
¢rr of two coherences with 1.25kHz splitting and I' = 27 - 150 Hz after a 50 ps RF kick is
orr = 0.20. In our analysis we wait an extra 30 ps after the kick before the Fourier analysis
starts. During this time, the relative phase will acquire an extra ¢wait = 2mvQztwait = 0.24
(cf. eq. 3.17 with Brr = 0). Hence we expect the total relative phase ¢ = 0.44. When fitting
to experimental data, we typically find a relative phase between the two dominating peaks in
the range 0.25 to 0.35. Even though the fit phase does not match the expected value exactly,
it does indicate that the interference dip between peaks can be explained by the phase induced
from the RF kick and subsequent wait time.

Typically, the model has been fitted to the power spectral density ‘<j » (w)> ‘2 even though
this means neglecting the phase information. We have found that the fit is more stable
when fitting to the complex Fourier signal and the measurement-to-measurement fluctuations
decrease. The explanation for this is straight forward when inspecting the Fourier data in
Fig. 3.10. The two minor peaks are much more pronounced in the phase component than in
the magnitude.

The comparison in Fig. 3.10 shows that the spectrum of the recorded data is incompat-
ible with the thermal distribution model. The amplitude of the third peak is consequently
underestimated. From here on we shall therefore use the "free” population model (egs. 3.20)

when determining atomic orientation.

Atomic orientation
It is common to give the macroscopic atomic spin orientation as a single parameter p < 1
which is the projection of J onto the maximally polarized state with (644) = 1. Tt is defined

as

F

1 .

p= Ja E , mr <0mF,mF> . (3.21)
mp=—F

We typically achieve p > 98% with (633) as the dominating population after (644). Under
this condition the population in |3, 3) is approximately (633) ~ 4(1 — p).

Ensemble excitation
The above analysis only concerns the individual atomic response whereas the Faraday inter-

action is enhanced by the number of atoms (optical depth). It is instructive also to consider
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Figure 3.10: Comparison of atomic population models. Models of the form in eq.
(3.18) are fitted to the pulsed MORS signal in the Fourier domain. The spectrum clearly
contains interference dips between peaks because of the relative phase displayed in Fig. 3.9.
The thermal model has one fit parameter to the population distribution as in eq. (3.19)
and independent phases e’®mr for the first three peaks. The free model has three complex
fit parameters according to egs. (3.20). The signal out at ~ 2.409 MHz comes from the
weakly coupled F' = 3 manifold. The thermal model yields orientation p = 99.2% but clearly
underestimates the amplitude of the third peak from the left. The free model yields p =
98.8% and reproduces both amplitude and phase well including the destructive interference
inbetween peaks. Peak width is I' = 27 - 156 Hz (FWHM) which is the typical value and

corresponds to To = 2.04 ms.

how the Zeeman interaction affects the collective atomic modes. Since the RF coil is large
compared to the cell, we assume the amplitude to be uniform. Furthermore, the wavelength
of the RF field is orders of magnitude longer than the cell. Hence, we can neglect any spatial
dependency of Brp(t). This means that the RF field is only interacting with the symmet-

ric atomic mode. We can expand the Zeeman Hamiltonian in eq. (3.13) to the ensemble
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interaction by summing over all atoms. The RF term then becomes

N
H), = % Z (j(_m)BRF(t) + h.c.) = gpmz\/ﬁ (&TBRF(t) + h.c.) (3.22)

m=1

where we have used the definition of the symmetric mode in eq. (2.25). This Hamiltonian is
the generator for the displacement operator, hence, the RF pulse generates a coherent state
in the symmetric mode. We can utilize this interaction to make controlled excitation of the
symmetric mode in order to characterize the beam-splitter interaction during the read pulse
of the DLCZ scheme.

3.3.3 Pumping Optimization

Having established the pulsed MORS technique we can now apply it to characterize our pump-
ing state and to optimize the pumping. Since the performance of our source/memory system
strongly depends on atomic noise, a substantial amount of work was put into optimizing the

optical pumping to reach the highest possible atomic orientation.

Beam size

One of the first parameters that we saw could make a substantial impact on the pumped state
was the pumping spatial mode. Originally the pumping beam was prepared to illuminate the
full side of the cell glass chip. We realized that by focussing down the vertical waist to fit the
microchannel height, the pumped state improved. We measured an increase in p from 97.8%
to 98.7%. An explanation for this sensitivity could be that when the vertical extension of the
pump beam is too large, light will be scattered at the microchannel floor and ceiling. The

polarization of the scattered light is not well defined and therefore disturbs the pumping.

Similarly, we tested the horizontal waist sensitivity. Varying beam radius from 3.7 mm to
5.9mm and optimizing horizontal collimation only gave marginal improvement. However,
when clipping the beam on a diaphragm with variable-size aperture, we do observe a drop in
the atomic polarization for aperture diameter smaller than 8 mm. The dependency is depicted
in Fig. 3.11. Since we operate at a saturating pumping power, the atomic polarization is in-
sensitive to small variations in power. Hence, the drop in atomic polarization is not explained
by the reduced power from clipping but must be from poor filling of the cell. The point at
3mm in Fig. 3.11 corresponds to approx. 200 pW pump light at the cell which is still in the

saturated region.

Pump polarization
We also verified that the pumping is sensitive to the polarization of the pump laser light. The

pump polarization is optimised with a set of quarter-wave and half-wave plate. Turning the
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Figure 3.11: Atomic orientation. The pumping beam is clipped horizontally on a di-

aphragm with variable-size aperture.

waveplates by more than 4° away from the optimum angle reduces the atomic polarization

by an amount that can be detected using the pulsed MORS method (approx. 0.1%).

Alignment of magnetic field and pumping light propagation

We also tested for the sensitivity to alignment of the pumping light propagation direction to
the magnetic field direction. We can tilt the magnetic field by applying current in auxiliary
coil sets on the coil frame. These coil sets produce a field along y and z, respectively. We can
calibrate how much the bias field is tilted by monitoring the shift in Larmor frequency. We
find that 1 A corresponds to 4.4°. This is the level of tilt where we start to see sensitivity.

Thus, at our current level the atomic orientation is not extremely sensitive to this alignment.

Cell-to-cell variation
Since each cell is handmade and the whole process does not have a high degree of repro-
ducibility, we test what level of atomic orientation can be reached in various cells. To that
end we tested several cells. The variation can be found in Fig. 3.12. We see that there is
some variation between the cells which could indicate that there is sensitivity to the produc-
tion. In particular the cell J24 stands out with a noticeable higher atomic orientation. The
design of this cell is also different from the rest in the sense that is does not have a encap-
sulating cylindrical cell. It consists of the glass chip with the microchannel to which small
anti-reflection-coated windows have been laser bonded directly. The stem is directly attached
to the chip via laser bonding, see Fig. 3.12. More details on this cell design can be found
in Zugenmaier (2018). The advantage of the laser-bonded cell is that the microchannel can
be accessed from the thin side of the chip without passing through encapsulating glass. This
gives a cleaner interface for the pumping light and potentially a cleaner light polarization at
the microchannel.

Unfortunately, the specific cell J24 has a broad linewidth which will limit the available

storage time. Due to this we decided to use the cell G2. The short coherence time of J24
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Figure 3.12: Left: Maximally achieved atomic spin orientation for different cells vs.
spin resonance linewidth. The different cells are labelled according to internal catalogue.
For the cell G2 we found a small variation when rotating 180 deg around the vertical. For
the cell 116 both p and I" reduced after a recuring cycle. Cells G2 and J24 are alkane coated
while cells 116 and c20L are alkene coated. The different values of p were achieved without
delayed pump laser turn-off. Right: Laser-bonded cell design. The glass chip with the
microchannel is laser bonded to a ’stem’ chip where glass blowing techniques for cell prepara-
tion can be performed without influencing the microchannel. Anti-reflection-coated windows
are laser bonded to the micro chip to close off the the channel. Figure from Zugenmaier
(2018).

is unlikely to be related to the cell design but rather originating from fabrication where we

always see significant performance differences between cells of same design.

Delayed Pump turn-off

In the DLCZ scheme we are much more vulnerable to residual population in |4,3) than in
the F' = 3 manifold. This led us to try out what happens when the repump light is turned
off before the pump light. The resulting atomic orientation can be found in Fig. 3.13. The
data very clearly shows that p grows substantially until a pump turn-off delay of about 40 ns
where it reaches a plateau at p ~ 99.3%. Meanwhile, turning off the repump before the pump
means that atoms will start populating the F© = 3 manifold. This behaviour is apparent
from the drop in the peak amplitude of the pulsed MORS signal. Also when comparing the
raw pulsed MORS data of zero and 40ps pump delay it is clear that the F' = 3 signal at
2.41 MHz increases when the pump turn-off is delayed (Fig. 3.13). Based on this data we
decide to conduct the DLCZ scheme using 40 ps delayed pump turn-off which also means that
we sacrifice about 12 % of the optical depth.

Conclusion on pumping optimization
We observe that the spatial extent of the pumping beam has an influence on the atomic

polarization and were able to improve by focusing the beam to minimize intensity on the
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Figure 3.13: Delayed Pump turn-off. Left: Atomic orientation and optical depth vs. pump
turn-off delay. The OD is proportional to the main MORS peak amplitude which is the value
plotted. Right: Pulsed MORS spectrum for 0 and 40 ps pump turn-off delay. For the delayed
turn-off the relative peak height of the second and third peaks decrease. Simultaneous the
signal at ~ 2.41 MHz increases which demonstrates that atoms are transferred to the F' = 3

manifold.

channel edges while still maintaining high beam filling of the cell.

In a comparison between different cells, we find that there is substantial variation. This
indicates that fabrication influences the level of atomic polarization that can be obtained in
the cell. The highest value was found from a miniaturized cell with good optical access.
Lastly, we find that a substantial improvement in the polarization of the F' = 4 manifold
can be obtained by keeping the pump laser on after the repump is turned off. Applying this

technique the best orientation achieved is p ~ 99.3% immediately after the pumping stage.

3.3.4 Population decay in the dark

We can also use the pulsed MORS technique to track how the atomic population distribution
evolves in the dark. This is done by increasing the time between the optical pumping stop and
the RF kick. In Fig. 3.14 we plot the evolution of relative population of |4,4) and |4, 3) while
the ensemble decays in the dark. On the typical storage time scale of the DLCZ experiment

we find that the decrease in |4,4) and the growth in |4, 3) is approximately linear. Please note
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Figure 3.14: Zeeman sublevel population vs. delay of the RF pulse. The relative
population is calculated from the free model. The pump turn-off is not delayed with respect
to repump turn-off. First point corresponds to p = 98.7% from where the |4,3) population

growth is approximately linear.

that in this measurement the pump and repump light turns off simultaneously.

A more detailed study of atomic population distribution evolution in the dark is presented
by Zugenmaier (2018). Here also the F' = 3 manifold is considered. Zugenmaier finds that
the decay |4,4) to |3,3) is much more rapid than the decay to |4,3). The explanation for
this decay branching is that the decay originates from two distinct processes: complete spin
randomization and electron-spin randomization. The latter only weakly couples |4,4) to
|4, 3) because of the small overlap with the electron-spin-flipped state Oﬁip |F=4,mp=4) =
mr=7/2,m;=—1/2).

Both the aforementioned relaxation mechanisms are related to wall collision. Also atom-
atom collisions exist in the vapour and give rise to spin-exchange relaxation. The main dif-
ference is that angular momentum is conserved under spin-exchange collision thus preserving
the macroscopic spin orientation.

In fact under specific conditions Katz and Firstenberg (2018) demonstrated light stor-
age where the spin-exchange relaxation of 643 vanishes. This happens in the spin-exchange
relaxation-free (SERF) regime where the Larmor frequency is much lower than the spin-
exchange collision rate. Unfortunately, we are not able to operate the single-photon source
in the SERF regime. In order to enable spectral filtering, the Larmor frequency has to be
high to ensure sufficient spectral separation. According to Katz and Firstenberg (2018) the
spin-exchange rate at our operating temperature is expected to be 160 Hz.

For this discussion it is also relevant to consider that the weakly excited coherence 643
is insensitive to spin-exchange relaxation when the ensemble is highly polarised (Katz and
Firstenberg, 2018). Indeed, if the transverse coherence time 75 were to be limited by spin-

exchange, we would expect to find that T> depends on the atomic orientation. We do not
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observe such behaviour in the pulsed MORS experiments. Hence, the cell T3 is not limited by
spin-exchange relaxation but other mechanisms such as magnetic inhomogeneity and electron-

spin randomization on the wall despite the anti-relaxation coating.

3.3.5 Cell Cavity

The cell cavity is a central feature of our DLCZ implementation. We shall therefore dedicate

this current section to characterize the cavity that was used and discuss design choices.

Mode waist

The cavity spatial mode is a consequence of the cavity geometry, namely cavity length L.y
and mirror radii of curvature r1,72. The choice for the cell cavity was to have r1 =rqo =r =
110 mm. Due to the symmetry, the cavity mode has the waist at cavity centre. The waist

size is given by (Kogelnik and Li, 1966)

b\
wo o (3.23)
b? = Leav(2r — Leay) - (3.24)

To make the waist sufficiently small to fit through the microchannel the cavity is set up in
a near-concentric configuration (Leay ~ 2r). This means that the cavity is close to the edge
of the stability region (Kogelnik and Li, 1966). From egs. (3.23) and (3.24) we see that one
can maintain the waist size while moving farther into the stability region by decreasing the
cavity length. However, in our case Ly is limited by the magnetic shield because it is more

practical to have the cavity mirrors mounted outside the shield.

Experimentally we verify the cavity waist size from the cavity length. A precise method
for determining L,y is from the cavity free-spectral range (FSR), vpsg = ¢/(2Lcayn) with
n as the refractive index. We use a simple method for estimating the cavity FSR where we
scan the cavity resonance by applying a ramping voltage on the cavity piezo. Simultaneously,
the laser frequency is modulated by an electro-optic modulator (EOM) to produce strong
first-order sidebands at +vgon. The cavity resonance scan now displays the resonance for
both the laser carrier frequency and the sidebands. We then tune the EOM frequency until
all three resonances overlap implicating that vgom = VrsR.

The measurement is performed with the vapour cell in the cavity and the laser frequency
is far detuned to avoid a shift in refractive index due to atomic transitions. However, because
we are close to the concentric configuration where the waist size is highly sensitive to cavity

length, we need to account for the thickness of the thin windows of the cell. The optical path
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Figure 3.15: Cell cavity waist for D; line. Blue line shows the relation for an empty
cavity. Red line shows the relation when correcting for two windows of thickness 1.6 mm and

refractive index 1.5.

length than becomes
Lopt = Leay + 2d(nwim - 1) (325)

where d = 1.6 mm is the window thickness and nyi, ~ 1.5 is the window refractive index.
Evidently, the presence of windows decreases the FSR.

Meanwhile, the waist size changes because the Gaussian cavity mode is refracted on the
window faces such that effective propagation length is shortened, i.e. d — d/nywin (Kogelnik

and Li, 1966). We can account for that by introducing an effective cavity propagation length

2 1
b L - 2d(1 —

Nwin Nwin

L/

cav

= Leay — 2d + ). (3.26)

/

tav D eq. (3.24) shows that the presence of windows make the waist smaller.

Inserting L
Figure 3.15 shows the waist size as a function of FSR of an empty cavity and when ac-
counting for the cell windows. Because the write efficiency of the DLCZ scheme is sensitive to
the filling factor of the cavity mode, we chose to trade higher filling factor for higher clipping
losses on the cell. Starting from a mode waist of wg &~ 70 pm we see a single-pass transmission
through the cell of Tren = 90.7%. We then decided to increase the mode waist to wg ~ 90 pm
with Teey = 87.8%. This corresponds to a drop in finesse from 15 to 13.

Finesse
The cavity finesse is defined as the ratio of the FSR to the cavity FWHM linewidth, F =
vrsr/T. To estimate the finesse we do a direct measurement of the FSR and linewidth. We

send laser light to the cavity while scanning the cavity resonance frequency by applying a
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Figure 3.16: Cell cavity finesse measurement. The cavity transmission is recorded while
ramping the cavity piezo. A Lorentzian lineshape is fitted to the vicinity of each of the four

peaks independently.

ramping voltage on the cavity piezo. The recorded cavity transmission is displayed in Fig.
3.16. We fit a Lorentzian function

A

R+ (2 (327

L(t) =

to the individual peak vicinity. We mark I' with a tilde because the measurement is performed
in time. For each peak in the scan we get a finesse value from the ratio of the mean distance to
neighbouring peaks to the FWHM (f‘z) The piezo ramp is not completely linear and, hence,
the finesse values vary with scan position. We estimate the cavity finesse as the mean over the
finesse values from the individual peaks of the scan. From the data in Fig. 3.16 we estimate
F =13.04£0.2. Together with an FSR of 725 MHz the cavity linewidth can be determined to
be I' = 55.8 MHz.

The cavity spectrum exhibits skewed shape on the right-hand side of each peak. This is
caused by imperfect matching of the input light to the cavity fundamental mode. The higher
order modes of the cavity have higher round-trip losses and therefore cannot be resolved.

However, the imperfect mode matching does not significantly bias the finesse measurement.

Birefringence

For the empty cavity, the birefringence between linear input modes is much less than what
can be resolved in the cavity spectrum. The same applies to the cavity with the cell inside
when the atoms are unpumped. However, when we apply optical pumping to |4,4), we ob-
serve a strong birefringence between horizontally polarized (7) and vertically polarized (o)

light. For a highly polarized ensemble we typically find that the two resonances are split by
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Figure 3.17: Birefringence of the cell cavity. Left: The atomic birefringence depends
on the atomic population distribution. For the fully pumped ensemble the resonances for
horizontally polarized (7) and vertically polarized (o) light are strongly split. From here the
two resonances shift to the same frequency for the ensemble at thermal equilibrium (grey).
The dashed lineshape illustrates the empty-cavity resonance. Right: Atomic levels with non-

vanishing dipole moments coupling to |4,4) and their respective Clebsch-Gordan coefficients.
Avg = v] —v§ = (32 £ 1) MHz. The birefringent spectrum is illustrated in Fig. 3.17.

The cause of the birefringence is the dependency of the atomic susceptibility on the light
polarization. When the atomic ensemble is fully polarized in the |4,4) state, the optical
depth for the linear polarizations are strongly different. This is a manifestation of the hy-
perfine splitting of the excited states. On the D; line the excited state splitting is large
compared to the Dy line and hence the birefringence becomes stronger on D;. We can calcu-
late the optical depth d, for o light similar to eq. (3.5). Along the atomic quantization axis

the vertically-polarized light is a coherent superposition of the oy and o_ fields. Hence,

1
dO’ = §(d07 + do‘+)~ (328)
For the dark state |4,4) we have dy, = 0. For d,_ we need to include both excited states
do_ Pas | Bss
2
Ay <A4, Ay (3.29)

where Bpr,,. is the Clebsch-Gordan coefficient for [4,4) — [F,m}). Because of the large
hyperfine splitting of excited states, the excited state detuning will be different with Ag =
Ay + 1.168 GHz and d,_ becomes detuning dependent, hence the ’tilde’. Since all factors
except for Clebsch-Gordan coefficients are the same as in eq. (3.5), we can express d, in
terms of the OD for w-polarized light, d,, as

o dr Pa3/Dy + B33/Dy _ dr (1 7A4/>
Ay Ay Baa/ Ay Ay .

1T 1A, (3.30)
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Inserting the factor 1/2 from eq. (3.28), we find that the OD for vertically-polarized light is
dy = dy /2 for our operating detuning of Ay = 0.92 GHz. Please note that in the far-detuned
regime (A3 =~ Ay) the OD for vertically-polarized light equals the OD for horizontally-
polarized light.

For a detuning far outside the Doppler line, A > I'p, the refractive index (real part) is

given in terms of OD as (Munns et al., 2016)

¢ dy
OJ()LZ 2A

n(A) =1 (3.31)

where we use the same convention for d as in eq. (3.5). 7 is the natural linewidth (HWHM)
and wy is the atomic transition frequency (angular). This leads to an atomic phase shift per

cavity round trip (two passes through the cell) of

_w __wdy
5 = Z(n 1)2L, = o A (3.32)

where w is the light frequency. For A in the few GHz range we can take w/wy ~ 1. The
resulting shift in the cell cavity resonance (Av) is related to the cavity FSR by

5(1)
A - . .

For an OD of d, = (0.32 & 0.03) x 103 (assuming fully polarized ensemble, see section 3.3.1),
we should expect to observe a cavity resonance shift of Av; = (91 +9) MHz for 7-polarized
light in a cavity with vpsg = 725 MHz at the detuning A = 0.92GHz (On D; line). This
would give a resonance splitting Avy ~ Av,/2 = 46 MHz but we only observe approx. 2/3 of
this.

The discrepancy between OD estimates from the absorption measurement in section 3.3.1
and from the cavity birefringence could be explained in two ways. Either the absorption mea-
surement overestimates the OD or for the birefringence we observe there is still atoms residing
in the F' = 3 manifold due to imperfect pumping. The OD estimate from cavity birefringence
is performed for the same optically pumped atomic state as during DLCZ experiments and
should therefore resemble the experienced OD during measurements. Inserting experimental

parameters in eqs. (3.32) and (3.33) we get dr = 224 £ 7 from cavity birefringence.

When the atoms decay to thermal equilibrium, the atomic polarization is isotropic with a
fraction 9/16 atoms in F' = 4. In this case, we can exploit the dipole operator symmetry
(Steck, 2010) and obtain an OD scaling

dtherm - 9 dﬂ' < A4’) ~ 3 d7r

Ay T 16Ay \PH TN PR,

(3.34)

where Spp is the relative hyperfine transition strength factor (Steck, 2010). For the observed

Avg = 32MHz between linear polarizations in the pumped ensemble — which corresponds
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Figure 3.18: Cell cavity transmission vs. decay time. When starting at cavity resonance
the transmission drops as the resonance shifts due to atomic rethermalization. The transmis-
sion decay is shown for four different repump powers applied during decay to compensate the
resonance shift. Transmission is normalized to peak transmission. The ’wiggles’ appearing

on the traces are caused by a small amount of cavity disturbance.

to an OD difference of d;/2 — the frequency difference between 7 in pumped and thermal
ensemble should be Aviherm ~ Avy — 3/8Av,; ~ 40 MHz.

The presence of a birefringent cavity spectrum means that we will have to correct for it
during the experimental sequence to have both the write and read scattered light resonant
during the respective pulse. One option would be to quickly step the cavity piezo to shift the
resonance frequency between write and read pulses. However, it is unlikely that fast piezo
steps would be sufficiently reproducible to allow for this compensation over tens of trials be-
fore relocking the cavity. What we chose instead was to have the write and read scattered
light at separate frequencies. Since we use independent filtering setups this choice does not
increase the complexity of the setup.

The cavity birefringence also means that the drive light will be off-resonant from the cav-
ity by Avprive = £(Avg + v1), for write and read respectively. Hence, more input drive light

is required.

When the ensemble is left in the dark, the atomic distribution re-thermalizes and the cavity
resonance returns to its unpumped position. This is a behaviour that we need to counteract
when investigating the variable storage time of the DLCZ scheme. Fig. 3.18 shows how much
the cavity transmission drops for a fixed input frequency starting at cavity resonance. The
input light at A = 0.92 GHz is sufficiently weak to avoid light-induced decay. After 2ms, the
cavity transmission has dropped to ~ 70%, corresponding to a resonance shift of ~ 18 MHz.

This is the case for m-polarized light, i.e. the polarization of the read scattering mode. In the
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long time limit the cavity transmission drops to ~ 33% which corresponds to 39 MHz. This
matches well with the above theoretical prediction for resonance shift between pumped and
thermal ensemble.

In the presence of this effect, the coupling of the spin wave to the cavity mode would
decrease with storage time. Simultaneously, the cavity incoupling of drive light would decrease
as well. One way of correcting for this would be to fix the storage time before the sequence
and simply shift the drive frequency (and the filter resonance) such that it follows the cavity
resonance. The downside of this method is that it does not allow for on-demand retrieval.
The storage time would have to be set prior to executing the DLCZ sequence in order to lock
the filter cavities at the correct frequency.

What we chose instead was to apply a weak repump pulse during the storage time to
transfer the atoms decaying into the F' = 3 manifold back to the F' = 4 manifold. Mostly
this will be transferring atoms from |3, 3) to |4,4). Fig. 3.18 shows the cavity resonance shift
for various repump powers. The cavity shift is compensated by the repump and the degree of
compensation depends on the repump power. The repump has to be weak enough that the
induced decoherence of o453 from absorption in the F' = 4 manifold is negligible. We confirmed
by a pulsed MORS measurement with 130 pW repump light applied that only marginal decay

was induced by the repump.

Escape Efficiency
The reason for working in a single-sided cell cavity is to have a high outcoupling efficiency to
the mode going to the filtering and detection. Unfortunately, the transmission losses of the
cell turned out to be comparable to the transmissivity of the outcoupling mirror. That means
that a substantial amount of the intracavity light will be lost to imperfect cell transmission
before escaping out of the cavity. Here we derive an expression for the escape efficiency, i.e.
the probability of escaping out of the cavity.

We consider a cavity consisting of three components: incoupling mirror with reflectivity
R, outcoupling mirror (Rs), and the cell with single-pass transmission 7.. The total round-

trip loss will then be
L=1-RRyT?. (3.35)

In principle the escape efficiency depends on which side of the cell is taken as the reference
point. But as we shall see, for high T; the difference is negligible. We start out by considering
right-propagating component with power P at position 1 in Fig. 3.19. The outcoupling is
given by

Pright 00 1— R2

out 2\n __
—p— = (1- R2)7;)(RleTc) =7

(3.36)
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Figure 3.19: Cell cavity illustration. Cavity round trip losses are calculated from in-

coupling mirror reflectivity Ry ~ 1, outcoupling mirror reflectivity Re and cell single-pass

transmission 7. Position 1 is used for the escape efficiency calculation.

Had we chosen the reference point on the other side of the cell there would have been and
extra factor T in eq. (3.36).
Similar for the left-propagating component at position 1

left

— = (1= Ro)RyT2 > (RiRT2)" =

(1— Ro)Ri T2
P n=0 .

- (3.37)

Had we chosen the reference point on the other side of the cell there would have been and
extra factor 1/7; in eq. (3.37).
For a standing wave the power travelling left and right are equal so the escape efficiency for

the cavity mode with respect to position 1 becomes the mean over the two directions

P 2 P P 2L ' (3.38)

1 right
Péuz — 1 <P(£$1ftt + Pougt ) _ (1_R2)<1+R1Tc2)
Had we chosen the reference point on the other side of the cell the numerator in eq. (3.38)
would have been T.(1 — Ry)(1 + Ry).
In the limit Ry — 1 and for 1+ 7?2 ~ 2T, the two reference points have the same outcoupling

power and we find the approximate expression

(1 - Ro)T,

R (3.39)

776-3(3 ~
The intuitive understanding of eq. (3.39) is that the escape efficiency should be the ratio of
loss at the outcoupler to the total round-trip loss and multiplied by 7. because the light will

on average have to pass through the cell once to reach the outcoupler.

For the D line, the cavity parameters are Ry = 99.6%, Ro = 80.5% and T, = 87.8% (for the
90 pm waist). Inserting the parameter values into eq. (3.39) yields 7esc =~ 45%. This is a very
low value for something that is intrinsic to the scheme when thinking in terms of application.
An important figure of merit for single-photon sources is the outcoupling efficiency from the
system where the source material is located. However, for demonstrating the performance of
the scheme it is not a show stopper since photon counting is immune to added vacuum noise

due to losses (as opposed to homodyne detection).
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The amount of cell transmission loss that we observe for the cell in the cavity cannot be
explained from window losses alone. After the glass cell is fabricated we can typically achieve
>97% transmission before coating and caesium filling. Particularly, applying the coating
appears to degrade the cell transmission. For some cells we have seen >97% transmission
even after coating and filling but typically cells with high transmissivity tend to have short
atomic coherence time. However, we are convinced that the cell fabrication procedure can be

optimized to yield cells that are better suited for cavity schemes.

At this point we can use the determined escape efficiency to calculate the reduction in filter
requirement from the cavity enhancement, as was pointed out in section 2.5. We evaluate eq.
(2.44) by using Tty = 1 — Ro and find

Ccav 2F 2
= —Nesc | /- — 1) = 34. A4
Cfs ™ 1 Tout 5 (3 O)

Having established an expression for escape efficiency, we simplify eq. (2.44) by approximation.

For low intracavity loss, T, ~ 1, we have nesec & Tout/L = TouwF /(27) such that we can write
eq. (2.44) as

2
Ceav 97 <f - n> ~ 2 (f> : (3.41)

Cts ™

Thus, under the condition of low intracavity loss, the filter reduction from the cell cavity is
given by the finesse alone.

While the cavity enhancement reduces the filtering requirement by more than an order of
magnitude, it does fade in comparison to the 100 dB rejection from polarization and spectral
filtering. Hence, the enhancement of the ratio of scattered photons to laser photons at the
cavity output is not critical for the success of the scheme. However, the cavity still grants a

critical enhancement of the readout efficiency as discussed in section 2.5.



Chapter 4

Four-Wave-Mixing-limited DLCZ

scheme on the D> line

In this chapter we shall present and discuss the first attempt to herald and retrieve single
excitations in the long-lived atomic mode using the DLCZ scheme. The attempt was done
on the caesium Ds line which was considered in the original motional-averaging proposal
by Borregaard et al. (2016). The proposing authors considered hyperfine storage between
|4,4) and |3, 3). However, not long after commencing the experimental implementation of the
scheme, we observed that coherences between hyperfine levels are significantly more short-
lived than coherences between Zeeman levels. This observation is well-established (Robinson
and Johnson, 1982; Budker et al., 2005; Corsini et al., 2013; Zugenmaier, 2018) and can be
understood from fast decay to |3,3) from electron-spin randomization as discussed in section
3.3.4. Typical results show that the hyperfine decoherence is 10-100 times faster than Zeeman
decoherence.

With this understanding we decided to employ Zeeman storage between |4,4) and |4, 3)
instead. This further had the advantage that the Zeeman splitting of a few MHz is much
smaller than the hyperfine splitting viyrg = 9.2 GHz. For the Zeeman storage the excitation
light addresses the same hyperfine manifold during write and read. Hence the frequency
of the excitation light can be varied by tens of megahertz without significantly changing the
excited-state detuning A ~ 1 GHz. With this freedom, the frequency of the scattered light for
write and read can be set to coincide such that both are resonant with the same narrowband
filter cavity by proper choice of write and read drive frequencies. In contrast, the original
idea for hyperfine storage was to have the 9.2 GHz separation of write and read scattered light
matched to multiple FSRs of the filtering cavity. This would have posed a stronger technical
requirement on the filtering cavity.

Unfortunately, as we shall describe in this chapter, the Zeeman storage scheme is much
more prone to FWM than the hyperfine scheme. The FWM noise is detrimental to single-

photon operation which is the reason we were unable to achieve single-photon statistics on

74
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the Dy line.

The work presented in this chapter is the outcome of a collaborative effort with Michael
Zugenmaier and Boris Albrecht. The results of the experiment has been published in Com-
munications Physics (Zugenmaier et al., 2018) as well as in the PhD thesis of Zugenmaier
(2018) and partly in Dideriksen (2017).

The results presented in this chapter originate from an earlier state of the experimental setup
than described in the previous chapter. Therefore some characterization values differ from
the previously stated in chapter 3. This is particularly 75 which in the old setup was only
0.8 ms, an atomic polarization of only 98.5%, a cell cavity mode waist size of 55 pm, and es-
cape efficiency of 62% due to the smaller cavity waist. Moreover, the cell cavity birefringence

is much less significant because of the smaller excited-state splitting on the Dq line.

4.1 Experimental realization

On the Dy line, the A-scheme coupling [4,4) — |4,3) can be achieved via excited states of
either m/, = 4 or m/. = 3. This enables the option to have the scattered light for both write
and read in the m-polarisation and the excitation light in the o-polarization for both processes.
The level scheme is depicted in Fig. 4.1b and ¢. We chose to use vertical polarisation (o) for
excitation light. For the write pulse, |4,3) is ideally empty and the excitation light couples
|4,4) to the three excited states with m/, = 3 where spontaneous Raman scattering couples
to |4,3). The light also incidentally excites on the cyclic transition |4,4) — |5,5). Because
the transition is cyclic, the interaction does not couple to any spin-wave modes. The cyclic
transition only leads to a phase shift for the drive light and negligible spin-wave dephasing
due to absorption.

The excitation light simultaneously couples |4,4) — |4,3) via m)x = 3 and |4,3) — [4,4)
via m/p = 4 as illustrated in Fig. 4.1c. This is particularly harmful for the read process as it
enables FWM to build up readout noise that is not correlated with the write pulse.

We chose to vary the detuning A between write and read such that Ayrite = A — v, and
Aread = A + vp,. Since the write (read) pulse scatters into the blue (red) Raman sideband,
this choice of detuning means that the heralding photon and the readout photon coincide in
frequency. Furthermore, by using o-polarized light for both write and read excitation, the
scattered quantum fields are both 7 polarized. Thus, the two fields will transmit through the

same spectral filter and only one filtering setup is needed.

Fig. 4.1a shows a simplified overview of the experimental setup illustrating the propaga-
tion of light from cell to detection. The excitation light impinges on the high-reflector of the

cell cavity and a small fraction is coupled into the cavity. At the cell, the light is scattered
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Figure 4.1: DLCZ scheme on the D, line. a) Conceptual sketch of the experimental
setup. Elements are explained in the text. b) A configuration for |g) — |s) coupling during
the write pulse. ¢) A configuration for |s) — |g) coupling during the read pulse. In b) and
c) the dashed lines depict the unintentional coupling also caused by the excitation light. d)

Pulse sequence. Figure from Zugenmaier et al. (2018).

into the orthogonal quantum mode of the cell cavity. Both excitation light and scattered
light escapes the cavity through the partially-reflecting outcoupling mirror. A set of wave-
plates optimises the rejection of the excitation light on a polarizer. The transmitted light,
containing both the scattered light and a small fraction of excitation light, is spectrally fil-

tered through two cascaded triangular cavities where the remaining excitation light is rejected.

An illustration of the pulse generation and cell cavity locking is presented in Fig. 4.2. The
“control” AOM generates the write and read pulses impinging on the cell cavity. This light
is vertically (o) polarized by transmission through a Glan-Thompson polarizer. The control
light is overlapped with ”signal” light on a (non-polarising) beam splitter where the reflected
light is recorded on a photo detector which serves as a input power reference. After the cell
cavity a set of quarter-wave and half-wave plates optimises the control light rejection on a
second Glan-Thompson polarizer.

Before the cell cavity, the control path is combined with the "locking” laser on a polarizing
beam splitter. Through a small angle on the half-wave plate, a small amount of locking laser
light is transmitted on the polarizer. This light is detuned by one cell cavity FSR from the

scattered light frequency and used to lock the cell cavity resonance frequency.
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To Filter

Figure 4.2: Pulse generation and cell cavity locking. Elements are explained in the text.

The signal AOM generates a beam at the scattering frequency. This light is used for
locking the resonance frequency of the filter cavities (not shown). A pulse of signal light is
input to the cell cavity at the end of the DLCZ sequence to serve as an in situ detection-
efficiency measurement. The signal pulse travels through the whole setup as it is resonant
with the filter cavities. By calibration of the input power and cell cavity transmission, the
detection efficiency from cell cavity output to detector event can be determined.

A chopper wheel (not shown) blocks the locking light for the filter cavities during the
DLCZ protocol to avoid locking light on the single-photon detector. The full experimental

sequence is synchronized to the chopper wheel rotation.

Experimental sequence

The experimental sequence is comprised of the following stages as illustrated in Fig. 4.1d.

1. Locking stage (25ms): All cavities are locked to the respective lock light. Chopper

open.

2. Initial pumping (4.4ms): All cavities are frozen. Atoms are being optically pumped.

The duration of this stage is set to reach optimal atomic state. Chopper closed.
3. DLCZ sequence (Repeated up to 55 times):
I Write pulse (33 ps)
IT Variable delay (mp): Up to 500 ps.

III Read pulse (200 ps)

IV Intermediate pumping (350 ps): Optical pumping with repump and pump before
the next DLCZ sequence.

4. Check pulse (1000 ps, not shown in Fig. 4.1d): In-situ detection-efficiency measure-

ment.
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The total period of a experimental cycle is ~ 65 ms set by the chopper wheel period. For the
shortest delay time 30 us, the overall DLCZ repetition rate is then approx. 850 Hz.

4.2 Performance

We will now turn to the analysis of the single-photon source-memory performance. The
histogram of recorded detection events is displayed in 4.3. The detection rate is clearly much
higher during the read than during the write. This is a strong indication of the presence of

excess readout noise. This noise will be discussed later in this chapter.
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Figure 4.3: Histogram of detection events for 3431725 repetitions. Blue marks the
definition of write detection window with a total 48972 events. Red marks the full read
detection window with a total 434996 events, i.e. for 7 = 200 ps. Yellow marks the window

for background level estimation. Figure adapted from Dideriksen (2017).

Detection windows

From the temporal distribution of detection events, we can freely choose how to define the
detection windows, i.e. the time windows in which a detection event is considered a write
click or read click, respectively. We find the optimal settings for the detection windows in the
data postprocessing. The aim is to find an optimum trade-off between SNR and sacrifice of
signal. If we set the windows too narrow, the SNR is high but we also decrease the statistics
by neglecting much of the recorded events. For too large windows, it is vice versa.

Since we are mostly concerned with the readout noise, the analysis is performed by varying
the read detection window. We chose the procedure to fix the read window starting point

and vary the duration. We introduce the analysis parameter 7 which is the read detection
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window duration (see Fig. 4.3). Varying g corresponds to varying the read pulse length but
is performed in the data post-processing. Fig. 4.4a shows the 7 dependency of the Cauchy-
Schwarz parameter R and retrieval efficiency nr. Here we define nr as the conditional readout

with the unconditional readout subtracted, i.e.

nr = (ngw=1) — (nR) . (4.1)

Although (ng) is not only the noise level but also contains the readout of unheralded excita-
tions generated by the write pulse, this makes for a more experimentally practical quantity.
As long as the excitation probability is fixed, the difference in generated excitations between
heralded and unheralded states is constant with Ay = i — p and ng is proportional to Apu.
In the ideal case, the generated number of excitations in the heralded state [ is exactly 1.
However, the combination of write noise, multiple excitations and limited detection efficiency
makes i non-trivial. This will be discussed in more detail in chapter 5. Furthermore, as we
show later, the unconditional readout is highly dominated by noise, hence (ngr) ~ (npoise)-
Fig. 4.4a shows the compromise between non-classicality and signal retrieval by cutting
short the read pulse. We decided to use 7r = 40 ps for the remainder of the analysis. By doing
so, we sacrifice the majority of the correlated readout but maintain an SNR that supports

non-classical correlations.

Non-classical correlations

For this choice of read detection window we obtain the following correlation values:

Cauchy-Schwarz parameter: R = 1.44 + (.11,

Cross-correlation: g‘(/‘zf)R =1.97£0.05,

Write auto-correlation: g‘(/‘z/)w = 1.86 +0.07,

Read auto-correlation: gg])% = 1.45+0.05. (4.2)

Note that gg)R is below the typical non-classical signature 957\2,)R> 2. However, because we are

able to estimate the auto-correlations of the individual fields, we find that the correlations are
non-classical from the criterion R > 1 with statistical significance. Unfortunately, with the
present noise level, we were unable to observe single-photon readout. The conditional read
field exhibits a weakly bunched photon statistics with 91(5{21%|W:1: 1.3£0.2.

Memory performance

Even though the correlations are not encouraging in terms of application, we can still have a
look at the performance when the write-read delay, mp, is varied. The first measure to consider
is the spin-wave lifetime. We can estimate this by analysing the retrieval efficiency decay as

a function of 7p. This quantity is inherently corrected for readout noise from definition and
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Figure 4.4: Temporal dynamics of the readout. a, Cauchy-Schwarz parameter (blue
asterisks, left axis) and retrieval efficiency (red circles, right axis) versus read detection in-
tegration time for mp = 30ps. We observe violation of the Cauchy-Schwarz inequality for
TR < 140 ps while the retrieval efficiency increases throughout the read pulse. To limit the
influence of noise we choose Tg = 40 ps for our correlation analysis. b, Retrieval efficiency ver-
sus write-read delay, for 7 = 40 ps. An exponential fit (line) yields a 1/e collective-excitation

lifetime of 7 = 0.27 £ 0.04 ms. Figure and caption from Zugenmaier et al. (2018).

therefore a good measure for the lifetime of the coherent readout. The decay data is plotted
in Fig. 4.4b together with an exponential fit. The best fit parameter for the 1/e-lifetime of
the collective excitation is 7cg = 0.27 4+ 0.04 ms.

At the time when the Ds-line experiment was performed, the transverse-spin coherence
time was measured to be 7o = 0.8 ms. We later realized that this was limited by magnetic
inhomogeneity and improved T5 (see chapter 5). As discussed in section 2.4, the limit on the
collective-excitation lifetime is 7cg < T/2 which is in agreement with the estimated value for
Tcg. That 7cg comes close to the limiting value shows that we are indeed heralding the excita-
tion of the long-lived symmetric atomic mode. This was the first study to report non-classical
correlations for single excitations in a mode that is long-lived at room-temperature. The
lifetime is two orders of magnitude larger than previous results with non-classical correlations
(Dou et al., 2018; Bashkansky et al., 2012).
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Figure 4.5: Left: Cross-correlation of write and read detection events versus write-read delay,

for T, = 40ps. A fit (line) to the function gg’)r(t) = 14 Cexp(—t/1,) yields a characteristic

decay time of 7, = (0.17 £ 0.02) ms. Right: Cauchy-Schwarz parameter decay versus write-

read delay, for 7 = 40 1s. We observe non-classical correlations (R > 1) for 7p < 80ps. Both

panels and captions from Zugenmaier et al. (2018).

Even though the birefringence on the Ds line is small, the atomic phase shift changes the
resonance frequency of the cavity for both polarizations. Since atoms decay into the F' = 3
manifold, the cell cavity resonance shifts during storage. Thus, the readout field becomes
detuned from the cavity mode for long 7. This causes a weaker coupling to the cavity mode
and will make the readout rate slower and therefore introduce a faster decay of the retrieval
efficiency. It is worth noting that for the experiments on the Do line, no repump light was
applied during the storage window which we later found as a method to compensate cell cavity

resonance shift (section 3.3.5).

Fig. 4.5 shows how the write-read correlation decays with 7p. The correlations are sensi-
tive to changes in the readout noise with increasing 7. Hence, correlations decay faster than
the spin-wave lifetime. The exponential fit in Fig. 4.5 (left panel) yields a 1/e decay time of
7y = 0.17 + 0.02ms. From Fig. 4.5 (right panel) we see that non-classicality is conserved for

data points for 7p < 80 ps.

4.2.1 Noise sources

Having established that the correlation between write and read is non-classical but severely
limited by readout noise, we now turn to investigate the sources of noise. The first relevant
inspection is the Raman-sideband spectrum. We map out the optical spectrum by scanning
the resonance frequency of the spectral filters in front of the single-photon detector. Hence,
the output spectrum is a convolution of the light spectrum and the filter lineshape. The
obtained spectra for write and read are shown in Fig. 4.6.

We see that both spectra have a distinct feature centered at the sideband frequency
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Figure 4.6: Detected counts per pulse versus detuning of the filter resonance. Zero
detuning is one Zeeman splitting above (below) the write (read) excitation frequency. Each
point represents around 1000 experiments with 55 repetitions each. The points on resonance
with the write pulse include 60 times as many experiments. a, Heralding photon detection. b,
Unconditional photon detection in the readout, considering only the first 40 ps. Blue crosses
show data with write pulse present, magenta circles with write pulse off. The solid (dashed)
lines show a fit with (without) write, containing scattered photons (blue, red), contribution
from asymmetric excitations (grey), leakage (yellow) and background (unfilled). Figure and

caption from Zugenmaier et al. (2018).

Apc = 0 that corresponds to +u, for write and —uvy, for read where we expect to find the
scattering signal. The plot shows two sets of data where the difference is whether the write
pulse is blocked (magenta circles) or unblocked (blue crosses). In the write spectrum, the
circles show the background noise level (dark counts) while the blocked-write dataset in the
read spectrum shows the spectrum of the readout noise. Evidently, the readout noise also

contains a distinct feature at Apc = 0.

As argued in the section 2.6, we expect the spectrum to consist of a narrow response on
top of a much broader pedestal — both centered at the Larmor frequency. Furthermore, the
strong drive light will leak through to the detectors to some extent. This introduces asym-

metry in the spectrum because the drive light appears at Apc = £vg, minus for write and
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plus for read. To extract the magnitude of the different spectral components we fit a model

including the components described above. The model can be written

Sww (Arc) = ansLrc(Arc, 0) + asLBB(AFC, 0) + agLrc(Arc, —VL) + abg (4.3)

where £;(Arc, Ag) is the lineshape centered at Ag with unity peak value. Subscript 7 indicates
the relevant lineshape. The narrowband component, ang, as well as the leakage, ajy, both
originate from the laser linewidth. Hence, these spectral components are much narrower than
the filter bandwidth (the resolution bandwidth for the output spectrum). The lineshape in the
output spectrum thus follows the filter lineshape Lrc(Arc, Ao) = L1(Arc, Ao)L2(Arc, Ao),
given by the product of the transmission through the two cascaded filter cavities. The first
cavity has an effective! FWHM linewidth of 92 kHz and the second 894 kHz. Both are modelled
as Lorentzian lineshapes.

The broadband component is much broader than the filter. The expected FWHM is
1.5 MHz (section 2.6). Thus, the lineshape can be approximated without accounting for the
finite resolution bandwidth. Lpp(Arc,0) is therefore a Lorentzian of 1.5 MHz linewidth.

We fix the background level, ayg, according to reference measurements with light pulses
blocked. Then the parameters to fit are axg,app, and aj. The fitted model is depicted
in Fig. 4.6a with three components: narrowband (blue shade), broadband (grey shade), and
background (white). The leakage is negligible.

For the read spectra we fit the same model. A minor difference is that the model is fitted to
two datasets simultaneously. The two measured spectra in Fig. 4.6 (circles and crosses) are
acquired with and without a preceding write pulse, respectively. The model is restricted such
that only the narrowband component bf\IB differs in the two spectra. The model for the two

spectra is
SﬁR(AFC) = b%\IBACFC<AFC7 O) + bBBEBB(AF(L 0) + b]kgﬁpc(Apc, +VL) + bbg. (4.4)

Superscript i refers to the two spectra: with preceding write pulse ("W?”) and without ("NW”).
Here the filter lineshapes are the same as for write.

We fix the background level according to reference measurements with light pulses blocked.
Then the fit parameters are b\'g, b\ , bBB, bikg. The fitted model is depicted in Fig. 4.6b with
five components: narrowband W (pale red shade), narrowband NW (dark red shade), broad-
band (grey shade), leakage (yellow shade) and background (white).

We use the output fit parameters to determine some characteristics of the noise present

'The cavity has a FWHM linewidth of 66 kHz but because the resonance frequency fluctuates (due to
mechanical disturbance) during the freeze window, the effective linewidth over many repetitions increases by

a factor 1.4.
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in the DLCZ experiment. As discussed in section 2.6, the write spectrum attests how well
the motional averaging works. We define the experimentally estimated write efficiency as
nw = axg/(anp + app) = (63 = 1%). Here we neglect the leakage and background counts.
In other words the write efficiency is the fraction of detection events originating from the
narrowband feature when the filters are on resonance (in the absence of background counts).
This number then defines the probability that the detected light is associated with excitation
of the symmetric atomic mode.

The write count rate on filter resonance can be directly related to the average number
of scattered photons, nphot = Sww(Arc)/(1a7esc), by correcting for detection efficiency, 74,
and cell cavity escape efficiency, 7esc. For ng = 9.6% and nesc = 62%, we get nppot = 0.23
scattered photons per pulse. This leads to p = nwnpnet = 0.14 excitations on average in the

symmetric mode when accounting for write efficiency nw.

The read spectrum tells us a few lessons. The first is that leakage of the excitation light
constitutes almost 1/3 of the detection events at Apc = 0. This should be considered a
technical limitation only as the leakage can be mitigated by improving the setup (e.g. adding
an extra cascaded filter cavity or improving polarization rejection).

The second lesson is that the rest of the readout noise has both substantial narrowband
and broadband components. This noise originates from the atomic ensemble and will be
discussed in more detail below. What is important to note here is that while the broadband
component can be suppressed with a narrower spectral filter, the narrowband noise component
is spectrally indistinguishable from the correlated readout. Hence, it cannot be suppressed

without suppressing the correlated readout as well.

Temporal shape of readout

For a deeper investigation of the readout noise we consider the temporal shape of the detection
event histogram. Fig. 4.8 displays the unconditional histogram (a) and the histogram for read
pulses conditioned on a heralding write event (b). In both panels the readout noise histogram
is included for reference. The shaded areas illustrate the contribution from leakage (yellow)
and broadband (grey) components.

We see that the leakage noise rate grows over the duration of the pulse. This is likely
due to the cell cavity resonance shifting during the read pulse. We also see that the narrow-
band noise increases over the pulse duration. This is an indication of a FWM process. If
the readout was dominated by the intended retrieval process (beam-splitter interaction), we
should expect to see an exponentially decaying narrowband readout as the symmetric atomic
excitations are gradually read out, thus emptying the mode (see section 2.1). On the contrary,
FWM would populate the atomic mode during the read pulse. This leads to an increasing

narrowband FWM readout noise over time.
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9)

Figure 4.7: Four-wave-mixing model.

We adapt a FMW model described by Dabrowski et al. (2014). Here the FWM Hamilto-

nian is given as
Hpwy = ihxflicl; + ih&dzfﬂ +h.c. (4.5)

The Hamiltonian in eq. (4.5) describes combination of a parametric-gain and beam-splitter
interaction with strength parameter £ and Y, respectively. Both interactions couple to the
atomic mode described by b while the beam-splitter interaction couples to the optical flux
mode a, and the parametric gain to d¢. This corresponds to simultaneous write and read
processes where a, (a¢) describes the red (blue) Raman sideband, see Fig. 4.7.

Dabrowski et al. find that the excitation of the optical field a, (corresponding to the

readout field in the DLCZ experiment) evolves as

22
~ ~ 2_42 X f 2_,2
<a;(t)ax(t)> G T 2o (e6* ) _ 1), (4.6)
Here ny, = <BT(O)B(O)> is the initial occupation of the spin-wave mode. In the absence of the

parametric gain (§ = 0), eq. (4.6) reduces to the intended readout <d1<(t)dx(t)> = x2e X’tpy,.

On the other hand, in the presence of weak parametric gain (£2 < x?), the readout of ny
decays slower leading to an increased readout gain. In this case the retrieval efficiency can
exceed 100%. At the same time, the second term in eq. (4.6) describes the readout noise (i.e.

ny = 0). The readout noise will grow until reaching the equilibrium noise rate x2£2/(x? —£2).

In Fig. 4.8a we plot the model prediction for n, = 0 (cyan line) and np = p* = 0.13 (green
line). The latter is the u = 0.14 stated above corrected for FWM during write which removes
~ 10% of the excitations (see Zugenmaier, 2018). The coupling strength & is estimated from
the scattering rate during write while the ratio x/¢ = 1.36 is calculated from the Clebsch-
Gordan coefficients of the involved transitions. The latter also accounts for the difference in
detuning from the cell cavity resonance frequency. More details on the parameter estimation

can be found in Zugenmaier et al. (2018) and Zugenmaier (2018).
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Figure 4.8: Temporal shape of the detected readout photons. a, Unconditional detec-
tion events. b, Heralded detection events. The red bar graphs represent the detection events
after a preceding write pulse with a 5ps (a), and 10ps (b) binning. The black-framed bar
graphs show the detection events without preceding write pulse in 10 ps binning. In both plots
the leakage (yellow) and broad (grey) contributions have been extrapolated from fits to the
spectrum obtained for segments of the detection window. The blue line represents an added
constant offset. The green and cyan lines are the model predictions for readout and four-wave
mixing noise contribution, respectively. The data presented correspond to the point at zero
detuning in fig. 4.6. The origin of the horizontal axes is defined from the beginning of the

detection window. Figure and caption from Zugenmaier et al. (2018).

In Fig. 4.8b the model is instead fitted to the conditional histogram with n; as the only
fit parameter. The fit optimum n; = 0.92 for the conditional occupation is plotted as a green
line.

To achieve good agreement between the model and the experimental histograms an extra
constant noise term had to be added (blue line). The origin of this offset is unclear. We
hypothesise that the main cause is imperfect initial atomic pumping. This would mean that
np > 0 for the readout noise (black-framed bars). However, the magnitude of the added noise
is not consistent with the estimated atomic orientation p = 98.5% which would mean approx.
6% of atoms in |4, 3).
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4.2.2 Four-Wave-Mixing Suppression

Even though there is a substantial noise source which does not appear to be explained by
FWM, we focus on the suppression of the latter. The reason for this is that in the work
described above we realized that when running the DLCZ scheme on the caesium Ds line
we should expect to find a substantial amount of FWM noise. This noise will hamper the
single-photon generation even if we manage to suppress the other noise sources. Thus, it does

not seem feasible to use the caesium Do line for DLCZ with Zeeman storage.

FWM has been reported as the main noise limitation in several studies of quantum memories
in warm atomic vapours, in particular for far-off resonance Raman schemes (e.g. Michelberger
et al., 2015). Here we give a short summary of the literature:

Following the first demonstration of single-photon generation and storage in warm vapour
(Eisaman et al., 2005), the same group realized that the memory readout was limited by
noise from FWM (Walther et al., 2007). The authors suggested to eliminate FWM by using
a A-scheme where the write and read light have orthogonal circular polarization. The storage
state would then be with Ampg = £2 with respect to the initial state. This would require the
atoms to be pumped to a specific Zeeman level and not just into one hyperfine manifold.

Later, Vurgaftman and Bashkansky (2013) showed that the Amp = 42 scheme has the
disadvantage that the write process is weak because Raman transitions via the excited states
interfere destructively (for all alkali atoms). The FWM-suppression in the Amp = £2 scheme
was demonstrated by Zhang et al. (2014) who also found a substantial suppression even in the
case where atoms where pumped to one hyperfine manifold but not a specific Zeeman level.

A different strategy is to suppress the unwanted Raman transition that leads to FWM
by means of a cavity. Saunders et al. (2016) used this technique and were able to achieve a
suppression factor of 0.24 (i.e. £/x — 0.24¢/x) as a result of a weaker cavity-mode coupling
of the parametric-gain field (£) compared to the beam-splitter field ().

Alternatively, the unwanted & field can be suppressed through absorption. This was
demonstrated by Prajapati et al. (2017) by introducing a pump beam which couples the
¢ field to the D orbital via a Raman ladder scheme. In a far-off resonance scheme the authors
reported a suppression of 85%. Similarly, Thomas et al. (2019) used built-in FWM suppres-
sion by selecting a pulse detuning such that the £ photons produced from spontaneous FWM
are resonant and therefore absorbed.

Ultimately, it was demonstrated (Finkelstein et al., 2018; Kaczmarek et al., 2018) that
a quantum memory can be based on the coherence between orbital states S and D (L = 2)
by using a Raman ladder scheme. This scheme is inherently FWM free. While the scheme
shows a remarkable performance, particularly in Rb vapour, the memory time will be limited
by the optical decay rate from the D state. Hence, the orbital storage can only be used for

fast, short-lived storage.



Chapter 4. Four-Wave-Mixing-limited DLCZ scheme on the D, line 88

Inspired by Vurgaftman and Bashkansky (2013) we investigate the Raman transition strengths
in our Amp = 1 scheme. The rate of Raman scattering is calculated by summing over the
dipole moments for each of the excited states that the transition can happen via. The problem
therefore reduces to the calculation of Clebsch-Gordan coefficients.

The single-atom Raman-Rabi frequency for far-off resonance drive is given as (cf. eq. 2.30)

Q;9;
Qp=>)_ 2A, (4.7)

i

with ¢ summing over the excited states. Dependent on which A-scheme is considered (via
mp = 3 or mpy = 4), Qg corresponds to x or &. If we are only concerned with knowing the
ratio x /&, we can reduce eq. (4.7) to involved dipole moments without concern for the spatial

modes of g and Q. By summing over excited states with m’z = 4 we have for the Dy line

X X —Al (4, 4] efr |4',4") (4,3] efq, |4, 4") (4.8)
4/

+A1 (4,4] err [5',4") (4,3] efo, |5',4"). (4.9)
5/

The expression for £ is similar (m/; = 3) but with the sum over three excited states F' = 3,4, 5
and the relevant field polarizations. The dipole matrix elements can be either positive or
negative as given by the Clebsch-Gordan coefficients. This means that the different excited-
state pathways interfere destructively in the case of opposite signs and cancel the coupling at
a specific detuning.

To account for the atomic line broadening including inhomogeneous broadening from
Doppler shift, we multiply with the Faddeeva function w(z) (Borregaard et al., 2016) such
that

QR:;;ZIZQSW(A’ J;:”). (4.10)
In Fig. 4.9 |Qg|? is plotted for the Raman coupling [4,4) — |4,3) for A-schemes with m/, =
3,4, respectively. We see that there is an appreciable suppression of the Raman transition
via m/y = 4 when slightly red-detuned. However, because of the small excited-state splitting
for the Dy line the elimination happens close to resonance. The optimal suppression is at
~ 300 MHz red detuned from the F = 4 — F’ = 3 transition. Operating this close to
resonance would mean a substantial amount of absorption and it is thus infeasible for the
DLCZ protocol.

If we instead consider the D;p line (Fig. 4.9, right), we see that the much larger excited
state splitting leads to elimination of the Raman coupling via m/, = 3 at a much larger

detuning. The 'magic detuning’ where the suppression is strongest is at 0.92 GHz blue detuned
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Figure 4.9: Pathway strength comparison for D, line and D; line. Left: Dy line.
Blue curve is coupling strength via m’, = 4 and red curve is via m/y = 3. Vertical lines
indicate the transition frequency of (from the left) F’ = 3,4,5. Right: D; line. Blue curve
is coupling strength via m/, = 4 and red curve is via m’, = 3. Vertical lines indicate the
transition frequency of (from the left) F/ = 3,4. At the magic detuning Ay = 0.92 GHz the
paths via [4',3') and |3/,3") interfere destructively, thus suppressing FWM.

from the ' = 4 — F’ = 4 transition. At this point the imaginary part of Qr crosses
zero and only the weak real part contributes. We note that the Faddeeva function makes
the magic detuning shift to larger detuning compared to the case of frozen atoms. The
magic detuning value is therefore weakly dependent on the ensemble temperature. The stated
magic detuning frequency is calculated for our typical operation temperature 42 °C where the
Doppler broadening (HWHM) is I'p = 222 MHz (233 MHz) for D; (D2).



Chapter 5
Single-photon source on the D; line

After realizing that FWM can be strongly suppressed on the caesium D line, we set out to
adapt the experimental setup to the relevant wavelength 894.6 nm and polarization scheme.
The most significant change was the necessity for a second filtering and detection setup. The
mechanism that allowed us to use just a single filtering and detection setup on the Do line
is exactly the mechanism that enables FWM. Having both the heralding and retrieval field
in the same mode, frequency and polarization, was possible because o-polarized light can
drive both the write and read processes on the Dy line. For the Dqline, on the other hand,
o-polarized light can only drive the read process whereas m-polarized light drives the write

process. The drive light polarization is thus the parameter selecting the type of interaction.

The work presented in this chapter is the outcome of a collaborative effort with Rebecca
Schmieg and Michael Zugenmaier. The results of the experiment are reported in a manuscript
currently under review (Dideriksen et al., 2020) and preliminary results were reported in
Schmieg (2019).

5.1 Experimental realization

On the Dy line, the A-scheme coupling |4,4) — |4, 3) via m/, = 3-excited states (gray lines
in Fig. 5.1b) is strongly suppressed. This is the mechanism that suppresses FWM. As a
consequence, the A-scheme for both write and read processes have to couple via |4,4’). The
relevant level scheme is illustrated in Fig. 5.1. A w-polarized write pulse couples |4,4) — |4/, 4")
and spontaneous Raman scattering into the o-polarized |4,3) — |4',4’)-transition heralds a
collective excitation of the atomic ensemble. Afterwards and on demand, a horizontally-
polarized (o) read pulse couples |4,3) — [4/,4') and the collective excitation is retrieved on
the m-polarized [4,4) — |4, 4")-transition.

The excited-state detuning Ay is close to the magic detuning 0.92 GHz discussed in chap-

ter 4. Because of the cell cavity birefringence, the o-polarized heralding photon and the

90
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Figure 5.1: a) and b): Atomic levels involved in the D; scheme. a) Transitions
involved in the write step. Excitation light in the m mode scatters light into the blue Raman
sideband in the o mode. b) Transitions involved in the read step. Excitation light in the o
mode retrieves light into the red Raman sideband in the 7 mode. ¢) Conceptual sketch
of the setup for the D; scheme. The main difference to the setup for the Dy scheme
is orthogonally write and read excitation light as well as independent filtering and detection

stages for write and read. Figure from Dideriksen et al. (2020).

m-polarized retrieval photon cannot simultaneously coincide in frequency and be resonant
with the cell cavity. The birefringence shift of 32 MHz is, however, small compared to the
magic detuning and within the region where FWM is strongly suppressed (see Fig. 4.9). Fig.
5.2 illustrates the optical frequencies involved in the experiment together with the cell cavity
resonances. We note that the separation of resonance frequencies for horizontal and vertical
polarization is more than double on the D line compared to Dy. This is a consequence of the
difference in excited-state hyperfine splitting.

The Larmor frequency was kept at the same value v, = 2.4MHz as for the Dqy line

experiment.
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Figure 5.2: Optical frequencies for the D; scheme. Dashed lines illustrate the cell
cavity resonance for o and 7 polarizations. The excitation light frequency is set such that the
relevant Raman sideband is resonant with the cavity. The peak heights illustrate the coupling
to the cavity. Light colour codes are the same as in Fig. 5.1 with write excitation (green),

heralding photon (blue), read excitation (pink), retrieval photon (red).

Fig. 5.3 displays all the essential optical components of the modified cell cavity setup.
The main changes to the setup described in the previous chapter are the new read filter setup
(see section 3.2.1) and the replacement of a single chopper wheel with seven mechanical blade
shutters (not shown). The latter is due to an increased number of beam switches needed.
We decided to reuse the two AOMs for pulse generation and since write and read drives are
orthogonally polarized, we use one AOM for each. They are now designated "write” and "read”
AOMs. The AOMs are also used for the lock light of the associated filter setup since the lock
frequency is close. In this case routing all relevant beams through a central chopper wheel
became impractical. The blade shutter design is based on that of Zhang et al. (2015).

For the Dy line experiment, the avalanche detector for single-photon counting was replaced
by two super-conducting detectors (SNSPD) — one for write and read, respectively. The
advantage of the SNSPDs is primarily a significantly higher quantum efficiency (>90%). This
reduces the run time of experiments for the same level of statistics. Secondly, the dark count
rate of the SNSPDs is very low (<1 Hz instead of 10 Hz). Both advantages combined enables
a substantial reduction in excitation probability before being dominated by dark counts.

We still use light near the D» line to lock the cell cavity. It is beneficial to have an auxiliary
beam for this purpose to be able to set the cavity resonance frequency independent of other
beam frequencies. For instance, the atomic state during the locking stage is not the same
as the state before the write pulse. In particular because of the delayed pump laser turn-
off (section 3.3.3). The advantage of using a separate colour for locking is that the cavity
transmission can be filtered on a dichromatic mirror with only marginal loss of the quantum
light.
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Figure 5.3: Pulse generation and cell cavity locking for the D scheme. Main difference to the

D9 experiment is that the write and read pulses are orthogonally polarized and therefore gen-

erated by two independent AOMs. We reuse the Do-line locking laser which can be separated

from the quantum field on a dichroic mirror (DM).

Experimental sequence

The experimental sequence is almost identical to the one used in the Ds-line experiment.

The main change to the experimental sequence is in the applied pulses. Contrary to the Do

scheme, the write and read excitation pulses are much farther separated in frequency because

of the much stronger cell cavity birefringence. Locking of the write and read filters happens

simultaneously during the locking window of the sequence.

The experimental sequence consists of the following elements as illustrated in Fig. 5.4:
1. Locking stage (55 ms, not shown): All cavities are locked to the respective lock light.

2. Initial pumping (6.5 ms, not shown): All cavities are frozen. Atoms are being optically
pumped. The duration of this stage is set by the actuation time of the mechanical
shutters. The repump light turns off 40 ps before the pump light. Both have a smooth

turn-off shape.
3. DLCZ sequence (Repeated up to 75 times):

I Write pulse (40 ps): Horizontally polarized. Smooth turn-on and turn-off shape.
IT Variable delay (mp): Up to 1 ms. For delays longer than 100 ps weak repump light

is applied to compensate cell cavity resonance shift due to atomic decay (section
3.3.5).

IIT Read pulse (200 ps): Vertically polarized. Smooth turn-on and turn-off shape.

IV Intermediate pumping (350 ps): Optical pumping with repump and pump before
the next DLCZ sequence. The repump light turns off 40 us before the pump light.

The total period of a experimental cycle is 120ms and synchronized with the 50 Hz power
line. For the shortest delay time 10 us the overall DLCZ repetition rate is then 625 Hz.
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Figure 5.4: Pulse sequence for the D; scheme. A 350 s optical pumping pulse initializes
the atomic ensemble. Then a 40ps write pulse (blue) probabilistically generates a single
excitation. After a variable delay mp, the atomic state is retrieved by applying a read pulse
(red). The filled areas illustrate the time windows used as write and read detection events.
The duration of the read detection window (7R) is set in data post-processing. For large values

of mp, a weak repump pulse compensates cell cavity frequency shift. Figure from Dideriksen
et al. (2020).

5.1.1 Optimization of parameters
Read power

We optimize the read power by running the DLCZ scheme and analysing the readout noise
and coherent readout as a function of read power. From eq. (2.45) it is expected that the
readout rate is proportional to the read power. This matches well with the observed readout
rates plotted in Fig. 5.5. The readout rates are extracted by fitting an exponential function
to the read detection histograms. An example is given in Fig. 5.5. The initial rising part of
the histogram is excluded in the model fit because it is related to the rising edge of the read
pulse. The model does not include the weakly increasing noise level in the last half of the
histogram but just a long-time offset noise level.Evidently, the readout time can be shortened
by increasing the read power. It will likely be beneficial to increase the readout rate for most
applications of the source-memory system.

Ultimately, the readout time will be limited by the motional averaging time since the
interaction with the complete ensemble is necessary for efficient retrieval. Another practical
limit is set by the filter cavities. The photon shape has to be long enough that the field can
pass through the filter cavities with a high transmission. With the current spectral filter,
the limiting timescale is a few microseconds. Unfortunately, we were unable to probe this
limit because we are limited in read power. The reason for this is a combination of coupling

through the high reflector of the cell cavity and limited output power of the narrow ECDL.

For the demonstration of single-photon generation our primary goal is to reduce the readout
noise as much as possible to be able to observe strong antibunching. To this end, we con-

sider the signal-to-noise ratio (SNR) of the readout. We define the retrieval efficiency as the
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Figure 5.5: Read power analysis I. Left: Readout rate dependency on read power (cell
cavity input). Black line is a fit to direct proportionality with ratio 0.34 kHz/pW. Right:
Example of readout rate fitting with fitting region illustrated in orange. The data shown is

for 200 pW read power.

difference between the unconditional mean readout with and without a preceding write pulse,

MRS = (nRr) — (Nnoise) - (5.1)
Please note that the definition in eq. (5.1) is slightly different than the one used in chapter 4.
The retrieval efficiency is plotted against the integration parameter g in Fig. 5.6 for three
different powers (for 80 pW the statistics are insufficient). We see that n3"¢ rises as more of
the readout pulse is included until plateauing when the full signal is read out. For the lowest
read power the plateau level is slightly lower than for the others. This could be just due to
small drifts in detection efficiency.

From the retrieval efficiency we define the SNR as

unc
Qunc = <77R . (52)

nnoise>

The corresponding SNR values are plotted in Fig. 5.6. Please note that the unconditional SNR,
is proportional to the excitation probability. The absolute number is therefore only relevant
in comparison to the write power. We observe only very little variation in SNR between the
read power values. This indicates that the achievable antibunching will only have a weak
dependency on read power. Though it is worth noting that to optimize single-photon source
performance, high retrieval efficiency is favourable. As we shall discuss below, we find that
it is beneficial to truncate the read window before the readout is complete. For g fixed at
a value smaller than the full readout time, the retrieval efficiency will depend on the readout
rate, as we see in 5.6 (left). Hence, high read power is favourable.

It would be interesting to investigate the readout power dependency at higher read power.
Unfortunately, in the current setup we are unable to run the DLCZ scheme with higher read
power. At some power the retrieval efficiency is expected to drop because of loss due to

spontaneous emission (see Fig. 2.9). Such an investigation could then establish a bandwidth
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Figure 5.6: Read power analysis 11I. Left: Unconditional retrieval efficiency as defined in
eq. (5.1) vs. integration parameter for various read powers. Right: Unconditional read SNR
as defined in eq. (5.2) vs. integration parameter for various read powers. The data points for

each power are derived from the same dataset and therefore not statistically independent.

limitation for readout. The bandwidth will be limited by the filter linewidth but for the read

powers applied in this analysis, the readout is slower than the Fourier limit from the filter.

Pulse shapes

After investigating the dependency on read power an obvious related parameter to investigate
is the temporal shape of the pulses involved. This would be pumping pulses, write pulse and
read pulse. The concern is that an abrupt rise or fall of the applied pulses can generate atomic
excitation because of the broadband spectral components associated with the fast shape. A
similar sensitivity to abrupt pulse turn-off was claimed by Bao et al. (2020).

First we discuss the influence of the fall time of the optical pumping light, i.e. pump and
repump together. The optical pumping intensity is quite high and the light is on atomic res-
onance. We test the difference between a fast fall time limited by AOM response (~ 100 ns)
and a 5ps fall from slowly attenuating the AOM RF signal. As with the read power opti-
mization, the most direct way of measuring the influence of the pulse shapes is by running
the DLCZ scheme. In Fig. 5.7 we plot the readout noise from the two cases. We plot noise
through the filter cavities when locked on the Raman sideband (readout resonance) where
both narrowband and broadband noise contribute. As a reference we plot the noise with fil-
ters 200 kHz detuned where only broadband noise contributes. This enables us to distinguish
between narrowband and broadband noise. We see that there is no influence from pumping
fall time on the broadband noise while the narrowband noise drops slightly in the beginning
of the pulse. When integrating over the count rate for the first 40 us, the abrupt pumping
turn-off has 20% more noise. This indicates a small advantage from smooth turn-off. We
confirm that this drop is not due to a general drop in retrieval efficiency. This is done by

applying a weak RF magnetic pulse that generates atomic excitation at the few excitations
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Figure 5.7: Readout noise dependency on pulse shapes. Left: Varying the turn-off
shape of the preceding optical pumping pulse. With the filter cavity on resonance, the fast
turn-off induces slightly more readout noise. For reference the filter cavity is shifted by 200 kHz
where only broadband noise is recorded. Here there is no difference between the pulse shapes.
Data was recorded with 10 s read rise time. Right: Varying the rise time of the read pulse.

When the read pulse rise time is fast, the readout noise increases.

level according to eq. (3.22). The atomic excitation can then be read out (not shown) as a

retrieval signal much stronger than the unconditional DLCZ readout.

Similarly, we investigate the read pulse shape influence. In Fig. 5.7 we plot the readout
noise histograms for different pulse rise times. The "fast” rise setting is again given by the
AOM response (~ 100ns). We test for smoother shapes with rise times of 10 us and 20 ps
respectively. The fast rise setting appears to cause a substantial amount of noise in the sym-
metric mode. This mode is read out in the beginning of the read pulse in a characteristic
exponentially-decaying envelope. In comparison the noise level in the smoother pulses is sig-
nificantly lower. Also here we perform reference measurements (not displayed) by applying
an RF pulse to confirm the coherent readout for the different pulse settings. We see that
the readout follows the slower rise of the pulse but the total readout is similar for all pulse
settings. Thus, the smooth pulses yields better SNR because of the lower noise level. At
Tr = 40 ps the SNR is ~ 75% higher for the slow-rise pulses than for the fast-rise pulse.

This investigation demonstrates that sharp pulse shapes have an influence on the atomic
state and that it appears to be stronger for the off-resonant read pulse than for the res-
onant pumping pulse. We attribute this excitation of atomic noise to stimulated Raman
scattering. If the excitation light polarization is not purely vertical (i.e. o-polarized), par-
asitic m-polarization can stimulate Raman scattering. When beams are switched fast, the
broadband spectral components associated with the fast rise yields sidebands at the Larmor
frequency. These then drive the stimulated Raman scattering.

Based on this analysis, we decide to conduct the DLCZ experiment by applying smooth
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Figure 5.8: Detection event histograms for D1 scheme. Left: Unconditional histograms
from the write and read detectors. The histograms are overlayed with transparency such that
the both histograms can be seen for the full time window. Shaded bands mark the definition of
respective detection windows for the correlation analysis. Right: Normalized unconditional
read histogram (same data as in the left panel) overlayed with read histogram conditioned on
a single write event. The bin width is higher for the conditional histogram because of lower
statistics. The high conditional readout rate indicates strong correlation between write and

read events.

pulse shapes with ~ 10 ps rise/fall time for all relevant pulses, i.e. pump/repump, write and

read pulses.

5.2 Source-Memory Performance

We now turn to the actual performance characterization of the room-temperature single-
photon source-memory protocol. This constitutes the main result of the thesis and demon-
strates that the motional averaging technique can be employed to generate a single excitation
in the long-lived atomic mode from where it can later be retrieved on demand as a single
photon. Through noise analysis and suppression we have managed to reduce the readout

noise to a level where the single-photon character of the retrieved field is not compromised.

Detection windows

Similar to the Do-line analysis presented in chapter 4, we can freely choose how to define the
detection windows, i.e. the time windows in which a detection event is considered a write
click or read click, respectively. A histogram of the events is displayed in Fig. 5.8. We find
the optimal settings for the detection windows in the data postprocessing. The aim is to find
an optimum trade-off between SNR and sacrifice of signal. If we set the windows too narrow,
the SNR is high but we also decrease the statistics by neglecting much of the recorded events.

For too large windows, it is vice versa.
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For the write process the temporal distribution of events follows the shape of the write pulse.
Thus, the SNR during write does not vary much with time as long as the signal is sufficiently
above the background level. We find that varying the window width and center position only
has marginal influence on the correlations between write and read events. However, as can
be seen from the histograms in Fig. 5.8 there is an intermediate region where both detectors
see clicks. The reason for this is currently unknown, so we have chosen to exclude this region

from the analysis.

The situation is very different for the read process. Here the coherent signal is retrieved
in the beginning of the pulse while the end of the pulse only contains noise. That makes the
outcome of the analysis much more sensitive to the chosen read detection window. In Fig.
5.8 (right), we plot the unconditional read histogram together with the conditional read his-
togram from read pulses with a single preceding write event. The histograms are normalized
to the number of pulses and bin width such that they display the event probability per unit
time. We clearly see that the conditional read is much more frequent than the unconditional.
This indicates a strong correlation between write and read events. The histograms also show
that the correlated readout happens in the beginning of the read pulse and after approx.
100 s only (uncorrelated) noise is detected.

We consider conditional retrieval efficiency and SNR defined similar to eq. (5.1) and eq.
(5.2) but from the conditional readout such that

R
<nnoise >

R = <nR|W:1> - <nnoise> , Q= (53)

Both values will depend on the width of the read detection window, 7g. The window start
time is fixed so Tr determines how much of the read pulse is integrated over. The outcome of
the read detection window analysis is plotted in Fig. 5.9. The figures display the compromise
between SNR and retrieval efficiency that can be freely chosen. For reasons that will be clearer
when discussing correlation values, we have decided to use Tg = 40 ps for the characterization
of the source-memory performance. Evidently, this involves sacrificing approx. 30% of the
correlated readout. In the situation of an actual application of the source-memory system
(e.g. photon interference), g can be varied experimentally by choice of read pulse length. The
optimal choice will depend on the application at hand and the sensitivity to readout noise.

Please note that it is coincidental that the choice Tg = 40 ps is the same as for the Dsline.

5.2.1 Excitation probability influence

As discussed in chapter 2, limited detection efficiency demands a low excitation probability
to achieve high fidelity of the heralded single atomic excitation. As a starting point for our
single-photon source performance characterization we therefore investigate the influence of the

excitation probability. Experimentally, this is simply done by varying the write pulse energy
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Figure 5.9: Detection window influence. Left: Conditional retrieval efficiency vs. inte-
gration time. Right: Conditional SNR vs. integration time. The two panels demonstrate
the trade-off between retrieval efficiency and SNR when choosing the readout window width.
We decided to use g = 40 ps in the remainder of the analysis. The data points are derived
from the same dataset and therefore not statistically independent. The values in both plots

are significantly higher than those in Fig. 5.6 because of conditioning on a write event.

while keeping all other parameters fixed. Furthermore, we also choose to fix the write pulse
shape, which makes the write power the only variable parameter. The results discussed in
this section are obtained for the shortest applied write-read delay 7p = 10 ps, corresponding
to the setting in Fig. 5.8.

The three main performance values are cross-correlation between write and read fields
gs,QV)R, retrieval efficiency nr and conditional read field auto-correlation 91({21){|W:1' The three
quantities are plotted against the mean number of write events in Fig. 5.10. All plots in
the figure contain a line depicting the fitted correlation model. This model will be discussed
in section 5.2.4. The influence of excitation probability for all three quantities is in good

agreement with the model.

Cross-correlation

For high excitation probability the heralded atomic state is contaminated with a non-vanishing
double-excitation component. As discussed in section 2.7, multiple-excitation components
decreases the cross-correlation even in the case of ideal number-resolving detection. The same
behaviour is apparent in Fig. 5.10a. The cross-correlation peaks at g\(AQ,)R: 10 £ 1 for (nw) ~
0.5 x 1073, According to the fitted model this corresponds to an excitation probability py ~
1.7% when correcting for propagation losses and write efficiency. Evidently, the intensity
correlation between the write and read fields is high for excitation probabilities of a few
percent. In this regime, the correlation is deep into the non-classical region (g&,\Q,)R > 2) and

sufficient for entanglement generation and verification (see section 2.7).
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Figure 5.10: Correlations vs. excitation probability. a) Cross-correlation decreases for
high excitation probability. b) Conditional retrieval efficiency increases for high excitation
probability due to multiple atomic collective excitations. ¢) Conditional read auto-correlation.

The model line exceeds 1 for low (ny) because the readout noise is bunched. Figure from
Dideriksen et al. (2020).

Retrieval efficiency

Opposite to the cross-correlation, the presence of double excitations in the heralded atomic
state increases the retrieval efficiency. The mean number of excitations in the heralded atomic
state grows with the excitation probability. Consequently, the retrieval efficiency increases
with the mean write number as observed in Fig. 5.10b. In this sense, the retrieval efficiency
versus mean write events becomes a measure for the mean number of conditional excitations
it. Here we define the retrieval efficiency as the conditional readout with noise subtracted as
in eq. (5.3). The advantage of this definition is that the subtracted level is independent of the
excitation probability. Oppositely, in chapter 4, the unconditional readout was subtracted.
This level is proportional to the excitation probability.

Due to imperfect write efficiency from incomplete motional averaging, the mean number
of added excitations in the heralded atomic state reaches one for (nw) ~ 4 x 1072 (py ~ 14%)
according to the fitted correlation model. Hence, the probability for a read event from a single
atomic excitation in the symmetric mode is 7y = (6.0 £ 0.2)% (fit parameter of the model).

We can correct this number for known propagation losses to find the intrinsic retrieval
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efficiency, i.e. the energy efficiency of converting the atomic state to the cell cavity light
mode. The propagation losses can be separated into two components: the cell cavity escape
efficiency and the propagation losses from the cell cavity output to detection including detector
quantum efficiency. We refer to the latter as "detection efficiency”. The escape efficiency is
discussed in section 3.3.5. From a finesse measurement on the day of DLCZ experiments we
find 7ese = (45 £+ 2)%.

We estimate the detection efficiency by transmitting a strongly attenuated light pulse and
recording the detection event rate. For this, the pulse power after the cell cavity is calibrated
using a power meter and strong attenuation is achieved by stacking calibrated neutral-density
filters. We determine the detection efficiency nqg = (19 + 2)% as an average over several
measurements performed throughout the duration of the DLCZ experiments.

Applying the correction for propagation losses we determine the intrinsic retrieval effi-
ciency

M= = (70 + 8)%. (5.4)
NescTld

This means that the retrieval process is highly efficient even though a substantial part of the
retrieval is sacrificed to enhance the SNR. Unfortunately, more than half of the photons are
lost inside the cell cavity which is intrinsic to the scheme. Improving the cell cavity escape
efficiency will then be a critical task to enable scalable performance. Alternatively, a scheme

without cell cavity can be envisioned (see chapter 6).

Conditional auto-correlation

Estimating the auto-correlation of the conditional read field requires substantially higher

statistics than estimating gg,)R and nr. The reason for this is that while gg,)R and 7R can be

estimated from two-photon coincidences — single write, single read — ggf){‘wzl relies on three-
photon coincidences - single write, double read. Especially for low excitation probability it
is cumbersome to generate large enough datasets while keeping the setup parameters stable.
Despite the low statistics, glg%'W:l also exhibits a trend which depends on excitation prob-
ability. Here the presence of multiple excitations in the heralded atomic state compromises
the single-photon readout as multiple photons are retrieved. However, all values are in the

(2) <1

non-classical region IRRIW=1

(2)
RR|W=1

photon limit gg__)qwzl < 0.5. As a means of reducing the statistical uncertainty of the g

even fall below the two-

(2
RR|W=1

estimate, we combine datasets with (nw) < 2 x 1072 into a single estimate (green V in Fig.

For low excitation probability, the estimated values of g

5.10). We justify this procedure by noting that, according to the correlation model, the cor-
relations for the conditional read field is only expected to depend weakly on (nw) in this
(2 = 0.20 £ 0.07. This result verifies the single-

interval. The combined set yields gRF){\Wzl
photon operation for low excitation probability with a margin of more than four standard
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Figure 5.11: Conditional auto-correlation vs. integration time. When the read detec-
tion window is long, the SNR decreases and leads to increased conditional auto-correlation.
All points are derived from the same dataset by varying the analysis parameter 7 and hence

are not statistically independent.

deviations to the two-photon level. In other words, the write process heralds the preparation
of an atomic state close to the first Fock state while the read process transfers this state to
the readout light field with sufficiently low added noise to conserve the strong antibunching

statistics for the field intensity.

Please note that for very low excitation probability the write events will be dominated by
uncorrelated background noise. Thus, the model lines show sharp changes when approaching

this regime for (nw) < 0.2 x 1073,

The gl(,?%‘wzl is the most important figure of merit for the single-photon source and we there-
fore also investigate how the value depends on the chosen readout window. Fig. 5.11 displays
how Q%{'W:l grows with T due to decreasing SNR. To ensure an antibunching well below the

two-photon level, we choose T = 40 ps for the performance values discussed in this chapter.

5.2.2 Memory performance

Having verified the single-photon operation in the previous section, we turn to testing the
performance of the memory part of the source-memory system. For this we focus on the
non-classical correlation of the write and read field intensities. When increasing the write-
read delay, 7p, the experiment repetition drops which makes acquisition of data to estimate
three-photon coincidence rates infeasible in the current setup. Hence, we are unable to get a

good estimate of the conditional auto-correlation for variable 1p.
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Figure 5.12: b) Temporal shape of detection events: Blue area - detected counts during
heralding write pulses (31 ps, scaled 1/25). Solid curves - detected counts during read pulses
(200 ps, delayed 10 to 710 ps) conditioned on the heralding write count (averaged over 7 ps
bins). Dotted curves - the read noise level in the absence of write pulse (1 ps binning). Figure
and caption from Dideriksen et al. (2020).

In Fig. 5.12 histograms of write and read events for different delays are plotted. We plot
the conditional histograms (lines) on top of the noise histograms where the latter is obtained
by blocking the write pulse. The figure shows two important characteristics of the memory
scheme. 1) The noise level grows substantially with the delay time and 2) the coherent readout
drops with delay time (this is the difference between conditional read and noise). The noise
characteristics originate from atomic decay into |4,3) and will be discussed more in the next
section. Fig. 5.13 shows the decay of the retrieval efficiency for TR = 40 s, i.e. the difference
between conditional readout and noise.

The decay of retrieval efficiency is a consequence of spin-wave dephasing. The observed
characteristic decay time 7, = 0.89J_r8:%g ms is close to the theoretical limit of T5/2 for a
transverse macroscopic spin decay 1o = 2.0ms determined from pulsed MORS experiments.
In comparison, we were only able to obtain a lifetime of 0.27 4 0.04 ms in the Do-line experi-

ment due to stronger magnetic inhomogeneities.

Both the spin-wave decay and the rise of atomic noise reduces the cross-correlation. Hence,
the rate of cross-correlation decay is a consequence of both factors. If the readout noise was
not rising, the decay of cross-correlation is expected to follow the spin-wave decay rate e 2t/T2,

The cross-correlation decay is plotted in Fig. 5.14 together with the Cauchy-Schwarz
parameter R. The latter is a normalization to the auto-correlations of the write and read
fields. When estimating auto-correlation values, we choose to combine datasets for all values
of Tp to reduce statistical uncertainty. The write auto-correlation is independent of 7p and

we see no significant influence of 7p on the read auto-correlation .
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Figure 5.13: Retrieval efficiency nr vs. delay time mp: Shown is the retrieval efficiency
for various delay times and a fixed readout integration duration of 7, = 40 ps. The uncertainty
on the retrieval efficiency is calculated using Poissonian errors. An exponential function is fit

to obtain the intrinsic memory time. Figure and caption from Dideriksen et al. (2020).

We fit an exponential decay

IR (D) = (g4 (0) — 1)e ™/ 4 1 (5.5)

to gé?/)R(TD) (red line) and normalize the fit result to write and read auto-correlations in order

to plot the corresponding exponential decay of R (blue line). From the fit we can extract three
important performance measures for the memory. The first measure is the characteristic decay
time 7, = 0.44 £ 0.04 ms which is half the decay of the spin wave, 7). This demonstrates the
detrimental effect of the rising read noise.

The second measure is the crossing of gg,)R = 5.7 1. The time until the crossing indicates
the memory time available where the correlation is strong enough to enable Bell-inequality
violation. This limit is discussed in section 2.7. The crossing happens for 751 = 0.15+£0.03 ms.

The third measure is the crossing into the classical regime at R < 1. This happens at
™~c = 0.68£0.08 ms. At this delay, quantum correlations are gone and therefore this quantity
is often stated as the memory time for a single-photon memory (e.g. Dou et al., 2018).

Please note that all three measures for the memory performance will depend of the
choice of excitation power. The measurement displayed in Fig. 5.14 was carried out at
(nw) = 1.6 x 1073 to reach a heralding rate sufficient to generate enough statistics. For
lower excitation probability where the cross-correlation is slightly higher, we should expect

an impact on all three measures. mg;r and 7v¢ will increase because gg,)R starts out at a higher

level, whereas 7, will decrease because the rising noise pulls gg)R to one faster.

!This threshold value deviates slightly from the 9523)11 = 5.8 from section 2.7. Here we state the value used

in Dideriksen et al. (2020) which refers to the threshold used by Wallucks et al. (2020). The deviation likely
comes from approximating 1/4/(2) =~ 0.7.
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Figure 5.14: Photon correlations for delayed readout: Shown are 9&2/)1% (red) and the
Cauchy-Schwarz parameter R (blue) versus various read pulse delays mp for an integrated
read pulse duration of 7 together with the fit to 9\(/\2/)}1 (red line) and the resulting R (blue
line). The black line marks the Bell-inequality limit gg,)R > 5.7 and the dashed line marks
the typical non-classicallity signature 9\(2%7)}{ > 2. The dash-dotted line is the formal non-
classicallity criterion R > 1. Error bars represent one standard deviation. Figure and caption

adapted from the Dideriksen et al. (2020).

If we take 7ve = 0.68 £ 0.08 ms as the memory time, we can calculate the time-bandwidth
product. A write pulse of 40 pus (where only 31ps is used for the analysis) yields a time-
bandwidth product of B = 17 4+ 2. Please note that this number does not account for any

reinitialization of the source.

5.2.3 Noise Sources

Here we present an investigation of the noise of the write and read processes. First we map out
the light spectrum near the Raman sidebands during write and read by scanning the resonance
frequency of the filter cavities as described in section 4.2.1. The write and read spectra are
plotted in Fig. 5.15. Both spectra show a distinct feature at the sideband frequency equal
to +uv1, where the filter resonance is locked during DLCZ experiments. In the figure this is
referred to as Apc = 0.

As argued in the section 2.6, we expect the spectrum to consist of a narrow response on
top of a much broader pedestal — both centered at the Larmor frequency. Furthermore, the
strong drive light will leak through to the detectors to some extent. This introduces asym-
metry in the spectrum because the drive light appears at Apc = +vr,, minus for write and

plus for read. In Fig. 5.15a we also plot the count rate when the write pulse is blocked. This
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Figure 5.15: a) Mean number of noise counts per pulse measured during the write detection
window (red circles) plotted versus the mean number of write counts with Poissonian standard
deviation. Linear fit shown as yellow line. b) Mean number of counts per pulse measured
during the read detection window (blue circles) plotted versus the mean number of write
counts. Error bars are standard deviation assuming Poissonian distribution of (ng). The

fitted model is shown as the red line. Figure and caption from Dideriksen et al. (2020).

demonstrates that the background detection rate on the detector is negligible. The same
holds for the read.

We extract the magnitude of the different spectral components using the same method de-
scribed in section 4.2.1. The fit model is adapted to the filters of the D;-line setup such that

the write spectrum is
Sww (Arc) = anLw (Arc, 0) + ageLBB(Arc; 0) + ang Lw (Arc, —V1L) + abg (5.6)

with Lw(Arc, Ag) = L’YV(AFC,AO)Egv(AFC,AO) for the new write filter. The effective
FWHM linewidth of the first write filter cavity is 98 kHz and the second 240 kHz.

Similarly, the read spectrum model is adapted to the new read filter such that
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SﬁR(AFC) = bf\]BﬁR(AFc, 0) + bBB[,BB(AF(j, 0) + b]kgﬁR(Apc, —l—I/L) + bbg. (5.7)

Here the filter lineshape is again the product of the transmission through of two cascaded
filter cavities Lr(Arc, Ag) = [{‘(AFC, Ao)Lg{(AFC, Ap). For the new read filter setup, the
first cavity has a FWHM linewidth of 117kHz and the second 128 kHz.

From the fit parameters we can estimate the SNR for the write process. We define the
experimentally estimated write noise as (nw noise) = Sww(Arc = 0)—ang. In Fig. 5.16 the
write noise is plotted for different write powers. We find good agreement with a linear depen-
dency on Sww(0). This means that the ratio between narrowband and broadband is constant
as we would also expect from the theoretical treatment in section 2.6. The small offset comes

from ay,g. We can use the slope of the linear fit in Fig. 5.16 to estimate the write efficiency

nw = axs/(anB + apB) = (82 + 1%).

3
15 =10 .
T
g 1
L
=
i 1 %
/]h 1
£ $
_ %
2
0 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Sww(Arc = 0) %1072

Figure 5.16: Mean number of noise counts per pulse measured during the write detection
window (red circles) plotted versus the mean number of write counts with Poissonian standard

deviation. Linear fit shown as yellow line. Figure and caption from Dideriksen et al. (2020).

Experimentally, the path to improving nyy is to increase the filling factor. This will increase
the ratio of narrowband to broadband components in the light spectrum. Indeed, in the D1-
line experiment the write efficiency is considerably higher than what we found in the Do-line
experiment. This is a result of the increased waist size of the cavity mode (55 pm — 90 pm).
Unfortunately, expanding further comes at the price of higher intracavity losses (see section
3.3.5).

Alternatively, nw can be improved by implementing a narrower filter, thus transmitting
less of the broadband noise. However, the transmission of the narrowband signal through a

narrower filter will be more sensitive to frequency fluctuations. Increased SNR is only achieved
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if the narrowband signal transmission remains high. Improving the spectral filtering should

be considered a technological challenge rather than a fundamental issue.

We now proceed by analysing the read spectrum. Here the first conclusion is that there
is no correlation between the broadband readout and the write pulse. The datasets for pre-
ceding write pulse and without preceding write pulse (circles and crosses, respectively, in Fig.

5.15) coincide outside of the narrowband signal.

For the remaining part of this noise analysis we only concern ourselves with the readout
noise spectrum (crosses in Fig. 5.15). We can use the spectrum to understand where the
readout noise originates. In particular we can get three valuable perspectives on the noise.
First, we consider how the noise spectrum varies during the read pulse. Second, we observe
how the spectrum changes when increasing the write-read delay. Third, we relate the readout

noise to the residual population in |4,3) by varying the initial atomic state.

Spectro-temporal readout shape

The histograms in Fig. 5.7 (left panel) illustrate the temporal shape of the readout. On
resonance, the temporal shape of the readout noise has a characteristic shape exhibiting a
"bump’ in the beginning before flattening out and slowly rising. The same shape can also be
seen in higher resolution in Fig. 5.8. Off resonance, there is no bump but a slowly increasing
trend towards the end of the pulse. This shows that the bump is dominated by narrowband
noise while the slowly rising base level is an almost even mix of narrowband and broadband
noise. This supports a hypothesis that the narrowband readout noise stems from excitation
of the symmetric mode due to residual population in |4,3). The symmetric mode is read out
fast in the beginning which causes the bump. The narrowband noise appearing in the base
level can be understood as continuous repopulation of |4, 3) during the pulse which causes the
symmetric mode to rethermalize. This is then constantly being read out.

As discussed in section 2.6, the broadband readout noise originates from incoherent scat-
tering associated with asymmetric atomic modes. This process is analogues to the write
process and we can get a rough estimate of the scattering probability by comparing to the
write process. Whereas the write process scatters from |4, 4), the incoherent scattering during
read is from |4, 3). The differences are that there are fewer atoms in |4, 3) compared to |4,4)
(N(4,3) ~ 0.03N(44)) and that the read pulse is much more energetic (Eg) than the write
pulse (Ew). The A-scheme for write and read involves the same optical transitions, so no
correction for dipole moments is needed. We can write the expected broadband readout noise

as

N, R po(n

BB (4,3) Mg R( R)

ng TR) = = GBR 5.8
< > ( ) N(4,4) 7’]d EW ( )
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Figure 5.17: Readout noise vs. storage time. Broadband and narrowband components
are determined from fits to spectra as shown in Fig. 5.15. Both components follow linear
trends with best fits bgg = (0.57+6.9/ms - ) X 1072 and b = (2.57+17/ms-7p) x 1073.

where we also correct for the difference in detection efficiency, 74, between the write and read
setups. If we consider the first 40 ps of the read pulse, we get <n§B > ~ 1.1 x 1073. This rough
estimate fits surprisingly well with the observed broadband noise of bgg = 1.2 4+ 0.1 x 1073
from the fit in Fig. 5.15.

Readout noise vs. mp

Fig. 5.17 displays how the readout noise increases with write-read delay 7p. Both the narrow-
band and broadband readout noise components follow a linear trend. This supports the claim
that the two spectral components share the same origin. In the dark, we found in section
3.3.4 that the |4,3) population grows linearly with time due to wall collisions. This is then
consistent with the readout noise being proportional to the |4,3) population. Furthermore,
the observation that the noise scales linearly with 7p can be fed to the correlation model.

This will be discussed in the next section.

Atomic readout noise

We use the pulsed MORS technique to characterize the sensitivity of the readout noise to
atomic population. As a parameter to control the |4,3) population, we consider the pump
light power during the pumping stage. In Fig. 5.18 we show the |4, 3) population dependency
on pump power determined from pulsed MORS experiments. The data verifies that the pump
power is a parameter that can be used to reproducibly control the residual atomic population
in |4, 3).

With the control of the |4,3) population we can test the influence on readout noise. We
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Figure 5.18: Zeeman sublevel population vs. pump power. The relative population is

calculated from the free model. Pump turn-off not delayed with respect to repump.

run the DLCZ scheme without the write pulse to only see noise during the readout. In
Fig. 5.19 the readout noise is plotted against the macroscopic spin orientation p and the
residual population in [4,3). The data shows a clear dependency which appears to be close
to linear in the fractional |4, 3) population, i.e. (03 3). If other sources of noise independent
of atomic population would have had a significant contribution, we should see the noise curve
flatten out for low (o3 3) (or equivalent high p). This is not what we observe. However, the
noise data is not completely consistent with directly proportionality to (o3 3) since the data
points at minimum and maximum (o3 3) deviate from the trend of the three middle points.
There could be several explanations to this. One is that the calibration of (o33) could be
off. The calibration comes from the data presented in Fig. 5.18 obtained on another day of
measurements. Moreover, two independent measurements were performed at minimum (o3 3)
and the outcomes differ by 50% — significantly more than the statistical uncertainty from
number of counts. Thus, drifts in the experimental setup cause a substantial uncertainty on
the exact noise values.

From Fig. 5.19 we see that both narrowband and broadband components depend on the
residual |4,3) population in the same way. This is consistent with the behaviour observed
in Fig. 5.17. The theoretical explanation for this atomic noise was discussed in chapter 2
where it was found that the occupation of symmetric and asymmetric modes scales with the
fractional occupation of |4,3). In Fig. 5.19 we observe that the two components are approxi-
mately equal in amplitude. There is no fundamental reason for this similarity but it happens
to be the case for the specific parameters (mainly filter linewidth and cavity waist size) of the

present implementation.

In conclusion, the readout noise is by far dominated by atomic noise due to population in
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Figure 5.19: DLCZ readout noise vs. macroscopic spin orientation (left) and fractional pop-
ulation of |4, 3) (right). A line of slope one is included in the right panel to guide the eye for
direct proportionality. The population was controlled by pump power. Errorbars represent

statistical uncertainty.

|4,3). Removing the detrimental |4, 3) population is a matter of optimizing optical pumping.
However, improved optical pumping only reduces atomic population noise for short storage
times in the scheme. When the ensemble is left in the dark during storage, atomic population
decay increases the |4,3) population and thereby also the readout noise. Even for perfect
initial state preparation, the repopulation of |4,3) in the dark will hamper the lifetime of
correlations.

Moreover, the narrowband readout noise is spectrally indifferent to the correlated readout.
Hence, rejection cannot be achieved by filtering. On the other hand, the broadband readout
noise can be suppressed by using a narrower filter. The same technical challenge applies for

a narrower read filter as discussed for write efficiency above.

5.2.4 Modelling correlations in the presence of noise

To get a quantitative understanding of how the presence of noise during write and read
influences the observed correlations, we establish analytic expressions for the correlations of
the DLCZ experiment including noise. The expressions are based on a statistical model where
the light pulse energy is assumed quantized and detected as quanta at the detectors. Both
coherent and noise contributions to the write and read fields are quantized. Furthermore,
phase relations between light Fock states are ignored since the detection is a measurement
in the Fock basis. The derivation is performed in the framework of probability generating
functions (PGFs). The full derivation can be found in appendix A.

We start out with the two-mode squeezed state of coherent write (X) and read (Y') con-

tributions to the detection. The joint state is a thermal distribution of photon pairs with the
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probability of n pairs as given in eq. (2.4)
Po
1 —po

We then add noise as independent processes such that the detection outcome is the sum

pn = (1 — po)p( with mean excitation p = (5.9)

of the outcomes for the two-mode squeezer and for noise. Please note that this would not be
the case for noise originating from FWM as we shall discuss in the next chapter. For write we
have W = X + A and for read R =Y + B. The noise processes A and B have mean number
A4 and Ap, respectively, at the detector.

Furthermore, we introduce finite detection efficiencies. For the write we have nx = nescné{zt
as the product of cell cavity escape efficiency and detection efficiency of light escaping through
the cavity outcoupling mirror and propagating to the write detector. For read we also factor
in a finite intrinsic retrieval efficiency for the conversion of atomic excitation to light in the

cavity mode such that ny = nﬁnescn(it.

Cross-correlation

The cross-correlation is independent of the auto-correlation of the noise processes. In the

derivation we find that the cross-correlation can be expressed as (eq. A.21)

W2 =14 p(1+ p)
Wk (1 + Aa/nx) (1 + As/ny)

We see that when the noise level is comparable to the coherent detection (Ag ~ nxp or

(5.10)

AB ~ ny ), the correlation starts dropping because the uncorrelated noise dominates. Notice
that eq. (A.21) is a function of p, A4/nx,Ap/ny only. We note that As/nx, Ap/ny can be

understood as the equivalent noise rates at the ensemble.

Auto-correlation

For the auto-correlation of the write and read fields, the noise auto-correlation plays a role.

We use 9,(42% (91(5?1)3) to designate the write (read) noise auto-correlation function. The write

and read functions then follow (eq. A.25)
2 2
W2 gty + Nagloh + 20xpha
v N k2 + N+ 2nxpda

2 2
2) _ 1229\ + A5g) + 2y i

(
g
RR 773//«62 + )\QB + 2ny puAp

(5.11)

where gy = gg,Q}), = 2 is the auto-correlation of the individual modes of the two-mode
squeezer. This result can be understood as an average of the auto-correlation of the individual
processes weighted according to the mean (detected) number squared — plus uncorrelated
coincidences between the processes. The result in eq. (5.11) matches what was found by
Michelberger et al. (2015).
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Conditional auto-correlation

Finding an expression for the conditional auto-correlation is substantially more complex as
it requires an expression for the probability distribution of atomic excitations given that the
write detector clicked once. To find an exact expression in the presence of write noise, one
needs knowledge of the write noise probability distribution and not just the auto-correlation.
Here we assume the write noise to be Poissonian. This assumption is justified from the origin
of the write noise. A small portion stems from detector dark counts while the remaining
portion is from the scattering associated with asymmetric modes. Since these modes are
many and short lived, the noise becomes Poissonian. This assumption fits well with the write
auto-correlation that we observe in experiments.

With this assumption, the conditional auto-correlation of the atomic mode is given as (eq.
A.39)

9§f2})/|w 1=

2(1 — nx)(Aa +nxp+ Aanxp)(Aa + 2nx — )\Anx + 30X — N3cp + Aanxp — )\AUXM)

(A4 +nx = Aanx + 2nxp = 0+ Aanxp — Aani p)?

(5.12)

Note that in absence of write noise (A4 = 0), for small py ~ p < 1 and low detection efficiency
nx < 1, the expression in eq. (5.12) approximates to g%),‘wzl ~ 4pg as in eq. (2.72). This
demonstrates that for low 7x, the heralding advantage of number-resolved detection vanishes.

From the same PGF we find that the conditional mean excitation of the atomic mode is
given by (eq. A.40)

_ pa+nx = Aanx + 2nxp — 0k + Aanx s — Aank )

_ 5.13
: (L +nxp)(Aa 4+ nxp+ Aanxp) (5:13)

This result can be used to calculate the conditional retrieval efficiency by simply multiplying
by the detection efficiency, i.e. nr = ny fi.

With the knowledge of the atomic mode conditional auto-correlation and conditional mean
excitation fi, we can write the read auto-correlation by including noise in analogy with eq.
(5.11)

@) 77YH29§/))/|W L+ ABg + 20y idg

g
REW=1" 1y A2+ A + 20y AAE

(5.14)

Fitting the model to data

In the above derivation we have introduced the parameters nx,ny, A4, Ap, gg}g that the model
takes as input to predict the outcomes for variable ;. We fix the values Ap = 4.3 x 1073 and
gg}g = 1.3 which are measured independently by blocking the write pulse to only read out

noise. We further assume write noise to be linear in p as supported by the data in Fig. 5.16.
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Figure 5.20: Mean number of counts per pulse measured during the read detection window
(blue circles) plotted versus the mean number of write counts. Error bars are standard
deviation assuming Poissonian distribution of (ng). The fitted model is shown as the red

line. Figure and caption from Dideriksen et al. (2020).

This is implemented as Aa(p) = (1/nw — 1)nx i + abg with n = 0.822 and apg = 62 x 1076
corresponding to the linear fit in Fig. 5.16. We leave nx and ny as free fit parameters.

The model is fitted simultaneously to three quantities derived from the same large data
set. The first two quantities are g\(f,)R(u) and 1R (u), which are displayed in Fig. 5.10. The
third quantity is the mean read count rate (ng) () displayed in Fig. 5.20. To relate the direct
measurement value (ny) to p, we rescale with the fit parameter nx such that (ny) (u) =
nxp/mMw + ang. Note that the relation obeys (nw) (1) — Aa(p) = nxp.

When fitting, the data points for the three quantities are weighted according to the inverse
of the data point uncertainty. The model is in good agreement with the data for the optimal
fit values nx = (2.94+0.1)% and ny = (6.0 £0.2)%.

The fit value for nx matches well with a separate detection efficiency measurement and the
expected cell cavity escape efficiency (see section 3.3.5). Despite also containing the intrinsic
retrieval efficiency, ny is more than double nx. This is an expected outcome and is caused
by a much lower detection efficiency in the write filter setup. The lower efficiency is partly
because the narrow write filter cavity has a low on-resonance transmission, and partly because
we were experiencing a low transmission in the fibre connecting the SNSPD. Due to lack of
time — caused by delays related to the international COVID-19 crisis — we were unable to
mitigate the low detection efficiency before performing the experiment. We emphasize that

nx does not alter the obtained performance results but only the data acquisition time.
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Figure 5.21: Model prediction for correlation functions vs. memory time. Feeding ob-
served readout decay and readout noise dependency on memory time to the correlation model,
we predict the behaviour of cross-correlation (blue) and conditional read auto-correlation

(red). For comparison the exponential fit of Fig. 5.14 is reprinted (black).

Extrapolation to memory values

We can use the correlation model to predict how the correlations vary with the memory time
7p. This is particularly interesting for the antibunching gg%‘wzl(TD) where reliable estimates
are hard to obtain.

The write process is independent of 7p and we also assume read noise auto-correlation
gg}g to be independent — as was done in Fig. 5.14. The read noise mean value Ag(mp) is
modelled to be linear in 7p with parameters given by the fits in Fig. 5.17. The spin wave

lifetime is incorporated into ny (7p) and modelled to follow an exponential decay as observed

in Fig. 5.13. We introduce the mp dependency in the expressions for 9\(7%/)1% (eq. 5.10) and for

(2)
IRRIW=1
displayed in Fig. 5.21.

(eq. 5.14) and keep p fixed at the value that yields minimal gg})qwzl' The output is

We see that the model reproduces the behaviour of g\(,\gf)R with a high degree of quantitative
(2)

RR|W=1 the model yields

agreement when comparing to measured values in Fig. 5.14. For g¢

(2)

a slowly rising curve similar to the slowly decaying curve for gy/%. The model predicts that

(2)
IRRIW=1

storage time for which the conditional output is below the single-photon threshold. As such,

< 0.5 should be observed for 7p < 290 ps. This value can be taken as the theoretical

Tsp = 290 s constitutes a fourth benchmark value for the memory performance. Similar to
the other benchmark values 7gp depends on the excitation probability. The relevant memory

time scale depends on the exact application and particularly the sensitivity to readout noise.
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Discussion and future outlook

6.1 Limiting noise processes

The change in excitation scheme from Ds line to D; line represents a substantial improvement
in the source-memory performance. After realizing that the Ds-line scheme would inevitable
be limited by FWM, further optimization of the readout noise in that scheme was in vain.
This left a complete understanding of the readout noise open. Contrary, in the D; scheme we
could assume the FWM process to be suppressed which motivated the detailed investigation of
limiting noise processes. It became clear that a substantial amount of the noise is correlated
with the atomic population in [4,3). After carefully optimizing the pumping scheme the
fractional occupation of |4,3) was reduced by a factor two (see chapter 3). Despite much
effort we are currently unable to improve further, likely being limited by optical access in
the current cell design. The atomic noise is still the dominating noise source contributing far
more than the excitation light leakage and detector dark counts.

As an instructive exercise we can estimate the influence of the initial occupation of |4, 3).
From the noise analysis in chapter 5, more specifically Fig. 5.17, we see that the initial readout
noise level at 7p= 10 ps is doubled after approx. 180 ps. For the hypothetical case of perfect
initialization with no occupation of |4, 3), we would then reach the same readout noise level at
Tp= 180 s as we started out with in experiments. In this case, the memory time definitions
that depend on a threshold value (like Bell-inequality violation or non-classicality) would
therefore increase by approx. the same amount, not accounting for a correction from the
decay of retrieval efficiency. L.e. after 180 ps we are limited by noise from atomic decay and
not atomic initialization.

This highlights an important lesson for what will be limiting the memory performance of
schemes that store in the long-lived symmetric atomic mode in anti-relaxation-coated cells.
While the spin coherence time is long and the retrieval-efficiency decay time equally long,
there will be a substantial increase in the readout noise on this timescale. This is specific to

coated cells. In buffer gas cells the memory time is limited mostly by atomic exchange and
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not population decay. Coherent atoms diffuse out of the interaction region but the new atoms
diffusing into the region are in the initial state. This dephases the spin wave as discussed in

section 2.4 but does not introduce extra readout noise.

6.2 Verification of FWM suppression

The experimental verification that FWM is suppressed is not very explicit in chapter 5.
We shall therefore discuss it here in more detail. The first observation is that from the
theory presented in 4.2.2 we expect a large suppression at the magic detuning. The model
by Dabrowski et al. (2014) predicts that, if the ratio {/x does not vanish, then for small
initial spin-wave occupation ny, the readout shape will increase with time. This is exactly the
photon shape behaviour observed for Do-line excitation in Fig. 4.8. We can use the model to
put an upper limit on the ratio £/x in the D;-line scheme. The change in output photon flux

is given by the time derivative of eq. 4.6

gt (al (D)) = X203 = )70y, 4y 220, (6.1)

From this we get a lower threshold for n; at which the readout flux will grow with time due
to FWM, i.e.

0 <5ﬁ (t)dx(t)> S0 e o™ (6.2)

ot \ X % 1+ny
In the D;-line experiment we observe that there is an exponentially decaying readout flux
in both conditional, unconditional and blocked-write cases. Out of those, the blocked-write
case has the lowest spin-wave occupation which is non-zero because of imperfect pumping.
We estimate the occupation to be n, = 3%. The upper limit for FWM gain ratio is thus
¢2/x? < 3%. This is a substantial improvement compared to Do line where the estimate is
£2/x? = 54% (section 4.2.1).

The fact that we see the exponential readout shape in the pure noise readout where the
preceding write pulse is blocked, also demonstrates that the performance of the scheme is not
limited by readout noise from FWM but by readout noise from residual atomic population
in |4, 3) which populates the symmetric mode. In a sense, this is ’thermal’ occupation of the
mode after the cooling from optical pumping.

A more subtle effect is that FWM would alter the conditional readout photon statistics
because the FWM is seeded by atomic excitations. In the case of non-vanishing FWM, the
write-correlated readout cannot be modelled as the two-mode squeezed state as was done in
the correlation model described in chapter 5. The parametric gain introduced by FWM during
the readout process means that the readout field does not have the same auto-correlation as
the atomic excitation. This was demonstrated in a work by Michelberger et al. (2015). Here

the quantum memory readout was limited by FWM to a degree where the auto-correlation
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was strongly altered. In that work they estimate the FWM strength to be &/x = 62.5%
(€2/x* = 39%) and show that a ratio &/x > 25% (£2/x? > 6.3%) prevents readout with
91({21% < 0.5 — even for a perfect single-photon memory state. Contrary, in the present scheme
the two-mode squeezed state model with independent readout noise yields good agreement
with the observed conditional read auto-correlation. This is thus a strong indication that

FWM is negligible.

6.3 Efficient motional averaging

It is evident that we are able to interact with the long-lived mode, because we observe write-
read correlations on a time scale much longer than motional dephasing would allow. At the
same time, we also confirm that the single-photon detection mode is motionally averaged.
If the detection mode would not have had a large overlap with the symmetric mode, the
conditional atomic state would have strong contribution from asymmetric modes. Since these
quickly dephase, the retrieval efficiency would be low and hence also the conditional readout
SNR. The outcome would be lower cross-correlation and higher ggf){‘wzl. The ability for
the correlation model to reproduce experimental results with the input from characteriza-
tion measurements, verifies the estimates obtained from characterization measurements. In
particular, it confirms the spectral analysis of the write field as a useful tool to characterize
effectiveness of motional averaging.

The motional averaging is mostly ensured by the spectral filter. If the spectral filter had
not been there, we should expect to find an write efficiency which is given by the mode overlap

between the cavity mode and symmetric atomic mode. This can be calculated as

7rw2

W=7 = 0.28 (6.3)
(cf. eq. (2.59) for kg — o).

That we observe ny = 82% can then be assigned to the spectral filter which successfully
motionally averages the detection mode such that we project onto the symmetric mode with
a high fidelity. We also note that the observed write efficiency is close to the theoretical pre-
diction in eq. (2.59). For experimental parameters w = 90 pm, L = 150 pm, ko = 27 - 98 kHz
and expected I' = 27 - 0.75 MHz, the prediction from theory is 77%41} = 87%.

In Fig. 6.1 we assess the influence of the write and read noise. While the write efficiency
matters for the total efficiency of the source, we see that the influence on correlation values
is marginal at the current level. The correlation values are mainly limited by readout noise.

From the figure, we see that a factor 5 in readout noise reduction would have a high im-
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Figure 6.1: Projected influence of noise. Left: Cross-correlation. Right: Conditional
auto-correlation. Curves are calculated from the model described in chapter 5. Blue line is
the fit to the data in Fig. 5.10. Orange line uses fit parameters but with write noise Ag4 = 0.
Yellow line uses fit parameters but with read noise A\p = 0. Purple and green lines are

intermediate read noise with A\g/5, Ap/2, respectively.

pact on the correlation values. This corresponds to initializing the atoms with an orientation
p =~ 0.9986.

6.4 Benchmarking

After having shown that the coated vapour cell can be used for single-photon generation,
we shall now attempt to benchmark it against other systems. As a first comparison we can
consider the single-photon generation from a single system, i.e. no multiplexing or synchro-
nization. In our coated vapour cell scheme on Dy, the detected rate of conditional readout
is only approx. 40 mHz during the overall running time, i.e. including the cavity relocking
stage. Here we used the combined data point in 5.10 for low excitation probability. The cor-
responding purity is quantified by the anti-bunching gl(fP)qW:l: 0.2. In comparison, the best
cryogenic single-photon sources can reach above 10 MHz in detected rate with vanishing auto-
correlation ¢(® at a few percent or below (Uppu et al., 2020). Similarly, room-temperature
down-conversion sources can reach a few MHz in detected rate and also show ¢ at the
few-percent level (Zhong et al., 2018).

We can imagine straightforward modifications that would enhance the detection efficiency
in our experiment. This includes improvement of the cell cavity escape efficiency by reducing
the intracavity loss from low cell transmission. However, it is currently unknown how good
the escape efficiency can get while still preserving cavity finesse and anti-relaxation coating.
A realistic estimate would be that high-quality fabrication and optimized filter setup could
lead to an overall detection efficiency of 50% for photons generated inside the cavity. This
would enhance the write detection probability by a factor 17 and read a factor 6. In total the

achievable single-photon detection rate could reach 4 Hz with such improvement.



121 Chapter 6. Discussion and future outlook

Clearly the vapour cell source is inferior to the benchmark sources, even after optimized
detection, mainly because the motional averaging demands slow operation. But this compari-
son also does not harness the advantage from the built-in memory. A better comparison would
be to consider the rate for generating synchronized, multiple photons. We can use the expres-
sion discussed in section 1.2 for the coincidence probability of n parallel memory-enhanced

sources

P = (pqwnrB)", (6.4)

where for the present scheme we have

p = pona = 2.5%, (6.5)
nw = 82%, (6.6)
nr = Nank = 50% - 70% = 35%, (6.7)

B =17, (6.8)

in the case where losses have been optimized such that ny; = 50%. The performance numbers
are from the results of chapter 5. Here we neglect reinitialization time when heralding fails
and we also assume that we can use the full non-classical storage time 7v¢ = 0.68 ms when
calculating the time-bandwidth product. The expression in eq. (6.4) does not include effects
of readout noise. In practise one would have to choose a fidelity threshold dependent on the
requirement for the intended photonic network. For photon-pair sources, the fidelity of the

heralded state can be approximated by

(2)
IRR|W=1

F=|[(1mwa)| m1—p2 a1 - =50

(6.9)

where the vacuum component is ignored.

The six-photon probability then becomes 3 ppm which corresponds to ~ 0.08 Hz = 5 min "
rate. Again, this assumes a repetition rate of 1/40us when reinitialization is ignored. We
stress that this is an optimistic projection because we have not accounted for the readout
noise. Without the assumed improvement in detection efficiency the six-photon probability
is scaled by a factor ~ 1/(6-17)% =4 x 10712,

In a comparison of absorptive memories Finkelstein et al. (2018) calculate the projected
six-photon coincidence rate based on the model by Nunn et al. (2013) for several demon-
strated quantum memories. Their comparison figure is displayed in Fig. 6.2. The comparison
shows that six-photon coincidence rates approach one per minute in state-of-the-art demon-
strations of absorptive memories. With the improvements discussed above, the DLCZ scheme
in a coated cell could reach seemingly competitive rates. However, our noise-to-signal ratio

is p1 = Aa/ny = 0.072 (cf. section 5.2.4) but cannot be separated from the photon source,
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Figure 6.2: Comparison of different memory protocols. The six-photon rate is cal-
culated from the numbers reported for the different protocols. All protocols considered are
absorptive memories thus requiring an input from an external single-photon source. The cal-
culation assumes an external source operated at excitation probability 0.001 at up to 50 GHz
dependent on the memory protocol bandwidth. The vertical line marks the intrinsic noise of
the assumed source. Figure from Finkelstein et al. (2018) and the label "this work” refers to
the same paper. The references to the different protocols can be found in Finkelstein et al.
(2018). Licensed under CC BY-NC.

since in the DLCZ protocol source and memory is the same system. The observed py is the
reason we do not improve performance by reducing the excitation probability further.

In the memory comparison, to ensure high fidelity an external single-photon source for
input to the memories was assumed to operate at p = 0.1% which is an order of magnitude
less than our current demonstration. If instead the external source is operated at p of order
few percent, the coincidence rate would increase by several orders of magnitude. Taking this
into consideration, it is unlikely that the slow but long-lived source-memory system presented
in this thesis will compete with the fast, short-lived memories for application to photon syn-
chronization. However, interfacing with a single-photon source — as well as sufficiently fast
feed-forward to operate the memory together with a 50 GHz source — remains to be demon-

strated for many of the considered memory protocols.

We shall here also relate our results to a similar DLCZ experiment in caesium vapour by

Dou et al. (2018). The main difference is that Dou et al. use a buffer-gas cell without anti-
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relaxation coating. In their scheme, the authors claim the memory time is limited by a
combination of atomic diffusion out of the interaction region and wall collisions (ibid.). The
experiment employs a hyperfine storage scheme where atoms are initially pumped to the F' = 3
manifold while the F' = 4 manifold is used for storage. In the buffer-gas cell experiment there
is no advantage of motional averaging. Hence, the buffer gas scheme can be used with very
fast pulses. Dou et al. apply 2ns write and read pulses. By operating at a "sweet spot”
detuning at 4 GHz where noise from collisions with the buffer gas is minimal, they are able
to achieve a low readout noise level — not limited by initial optical pumping. They achieve

a cross-correlation between write and read of up to gg)R = 28 (for an excitation probability

po ~ 3%). The correlations remain non-classical (ggf,)R > 2) for 6ps. The 1/e decay time is
1.4 ps which yields a time-bandwidth product B = 700 when neglecting reinitialization time.
The necessary initialization time is not reported. Dou et al. do also not report the condi-
tional read auto-correlation but from the reported cross-correlation it is supposedly below 0.5.
However, the retrieval efficiency is limited to 10% and a practical concern is that the scheme

needs high-intensity pulses.

With the reported performance, the scheme of Dou et al. (2018) is better suited for scalable
photon-synchronization application than the scheme presented in this thesis. The advantage
of the present scheme is the long lifetime of the atomic excitation which becomes impor-
tant if the operation bandwidth is not set by the pulse length, e.g. long-distance quantum

communication.

Quantum-repeater application

An actual benchmarking of the quantum-repeater performance in a DLCZ protocol is very
involved — particularly if one aims to include both finite memory time and readout noise.
For the scheme of this thesis, Borregaard et al. (2016) calculated an average rate of Bell-
state distribution over 80km of 0.2 Hz for 80% state fidelity — without accounting for finite
memory time. The calculation assumes lower noise levels (0.5% residual population in the
storage state) and higher detection efficiency (~ 80%) than we have been able to achieve
but also longer duration of write and read pulses. They used the lowest level of repeater
architecture with a single repeater station in between the end nodes such that only a single
entanglement swap operation is necessary. In order to verify the end-node entanglement
Borregaard et al. consider two parallel quantum-repeater channels and include a final post-
selection by reading out the end nodes. Although the calculation is not performed for the
experimentally obtained parameters, it provides a sense for the order of magnitude of the
achievable entanglement-distribution rate.

The average distribution time and memory time requirement can be substantially reduced

through spatial multiplexing. In particular if the multiplexed channel is not simply parallel
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repeater lines but includes real-time reconfiguration of nodes. Collins et al. (2007) have shown
that for such a 10-fold multiplexed channel, a memory time of 10Lg/c, where Ly/c is the time-
of-flight in the elementary links, almost mitigates the limitation from finite memory time. For
an 80 km channel with two 40 km links this would correspond to 1.3 ms memory time for free-
space links. Collins et al. estimate that 100-fold multiplexed channels with tens of millisecond
storage in the nodes would enable quantum communication over 1000 km. We emphasize that
the numbers should be considered with reservations since the analysis of Collins et al. does
not include noise beyond the intrinsic multi-pair noise from an ideal two-mode squeezer.
Whereas the prospects of multiplexing have sparked ideas of multimode storage in a single
system, the approach to spatial multiplexing in a coated vapour cell would be different. The
memory protocol is intrinsically single mode since only the symmetric atomic mode benefit
from the spin-protecting coating. However, the vapour cell is in itself a very simple system
which should enable mass production and hence many cells can be operated in parallel without
extreme deployment costs. One could even imagine a fibre-coupled cell where the cell cavity
is comprised of a tunable fibre cavity (e.g. the design of Saavedra et al., 2021). Another
advantage of the present protocol is the low optical power requirement. At current the cavity
input power for the read pulse is less than 200 pW and pumping pulses require only a few mil-
liwatt. The optical power consumption for operating tens of cells in parallel is thus within the
power output of standard laser systems (e.g. Titanium-Sapphire lasers). The most concerning
equipment in terms of multiplexing would be the spectral filters. Narrowband optical filters
are not yet commercial off-the-shelf equipment. However, clever engineering could make such
optical cavity filters mass-producible, as has been seen with laser systems. Furthermore, in
a multiplexing scheme with active routing, it is in principle not necessary to have indepen-

dent filter and detection setups for each cell during entanglement swapping (the read process).

With improvements to readout noise (from better optical pumping), propagation losses and
memory time, the coated vapour cell could become relevant for quantum repeater applica-
tion. A factor 1/5 in readout noise would bring us to 91(51)%\\2\/:1 = 0.1 (cf. Fig. 6.1) and to
the noise level assumed by Borregaard et al. A high overall detection efficiency is required
to reach scalable performance and 50% could be set as a first target. Furthermore, a fac-
tor 10 increase in the memory time would take the scheme into the few millisecond regime
which is the onset of multiplexed quantum repeaters. To show that these improvements are

within experimental reach will require substantial work on particularly the vapour cell design.

The state of the art performance for DLCZ repeater nodes is achieved with ultracold atoms.
In the work of Yang et al. (2016) the authors demonstrated a scheme using rubidium atoms
trapped in a 3D lattice inside a ring cavity. The scheme employs storage on the magnetic-field

insensitive "clock” transition and exhibits a 1/e storage time of 0.22s. The intrinsic retrieval
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efficiency at minimal storage time is 76% (18% external efficiency) and after 100 ms storage
the conditional autocorrelation is 0.28. The same scheme has later been used to demonstrate
heralded entanglement generation over 50 km (Yu et al., 2020).

Clearly, the performance of our room-temperature scheme is inferior to the cold-atoms
scheme but the necessary requirements for comparable performance have been demonstrated
in separate room-temperature experiments. While the long-time storage of light in vapour
cells was demonstrated recently (Katz and Firstenberg, 2018), the result presented in this
thesis provides a scheme for efficient single-photon generation and retrieval in the long-lived
atomic mode of coated vapour cells. Bringing the two properties together in the same cell

setup would comprise a milestone for room-temperature quantum repeaters.

Other advantages

A more subtle advantage of the presented scheme is that the generated single photons are
extremely narrowband. From the filters, an upper limit on the bandwidth is ~ 100 kHz while
in reality it is likely limited by the laser linewidth < 30kHz. Narrowband photons have the
advantage that the signal can be easily filtered and separated from incoherent noise sources.
In particular for free-space communication this enables rejection of ambient light in real-life
situations.

Another advantage is in photon-photon interference (Hong-Ou-Mandel) where narrowband
photons are insensitive to path length difference. Photon indistinguishability can remain high
at path difference at the 100 metres scale (Rambach et al., 2018).

It has also been suggested (Rambach, 2018) that narrowband photons can be used for funda-
mental quantum mechanics tests of causal non-separability (Branciard, 2016). An example of
this is the "quantum switch” (Procopio et al., 2015) where quantum computing is performed
with a quantum superposition of gates. This is in contrast to the typical quantum computer
where the input can be in a quantum superposition but where the gates are arranged in a

fixed circuit.

Moreover, a narrow bandwidth makes the generated photons compatible with many other
memory platforms, e.g. opto-mechanical systems. Since the scheme presented in this thesis
can efficiently herald the generation of a single atomic excitation, the scheme could be used
in combination with heralded single-phonon excitation (Riedinger et al., 2016) to generate
hybrid single-excitation entanglement. This would be a complimentary result to the hybrid

continuous-variable entanglement already demonstrated in our group (Thomas et al., 2021).

In this thesis we have shown by single-photon detection the heralded addition of a single
atomic excitation to an initial state close to the ground state. We have also shown beam-

splitter interaction with suppressed FWM noise which together with single-photon counting
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can be used for heralded single-excitation subtraction. Both addition and subtraction happens
in the long-lived symmetric mode because of motional averaging.

Heralded addition/subtraction of bosons can be used to generate exotic quantum states
(Bellini and Zavatta, 2010; Milburn et al., 2016). In particular, it can be used to create
a superposition of coherent states — so-called Schrodinger-cat states — when performed on
squeezed vacuum (e.g. the work of Neergaard-Nielsen et al., 2006). Our group has previously
demonstrated spin squeezing in the microcell-in-cavity system by stroboscopic quantum non-
demolition measurement (Vasilakis et al., 2015). Hence, we now posses the tools to create
cat states in the collective spin mode. If this idea were to be pursued, it would be a new

demonstration of the macroscopic quantum properties of room-temperature atomic vapours.

6.5 Possible improvements

Besides the improvement of the total detection efficiency discussed above, we also find it re-
alistic that other improvements are within experimental reach. First, further investigation is
required to determine the limit of optical pumping efficiency. We have already discussed how
limited optical access from the side in the current microcell design appears to limit the purity
of the initial atomic state. Improvement of the cell design could be a viable route to better
pumping. Alternatively, one could consider schemes beyond standard optical pumping for re-
moving |4, 3) population. Such schemes could involve driving |4, 3) population into the other
hyperfine manifold via optical Raman transitions or microwave pulses. Microwave-assisted
pumping in a continuous pumping scheme has been implemented in our group with limited
success (Thomas, 2020) where it was found that microwave power requirements are quite
high. To remedy that the magnetic shield could be designed to form a microwave cavity at

the relevant wavelength.

In the presented experiment we used a cell with paraffin coating which shows a transverse-spin
coherence time To = 2.0 ms. However, alkene coatings show better performance and champion
alkene-coated microcells have shown 75 = 10 ms, like the one used by Vasilakis et al. (2015).
The main reason that the same cell could not be used in the DLCZ experiment, relies on the
fact that the higher magnetic field strength heated the shield compartment to a temperature
above the alkene melting point. This can be readily remedied by changing the current design.
Then it can be explored if the optical depth of an alkene-coated cell at 30 °C is sufficient for
the single-photon generation. The lower optical depth requires higher write and read power

but rejection of the excitation beam is currently not a limitation.

Even with better protection from the wall coating, the limiting factor for the coherence time
is the time between wall collisions which is set by the dimensions of the cell. An obvious route

is therefore to perform the experiment in a cell with larger cross section. This will increase
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both the coherence time but also the motional averaging time because the atomic transit
time increases. In the spectral domain, this corresponds to the broadband noise becoming
narrower since I' o« 1/w (section 2.6), hence the spectral filter will have to be narrower to
achieve similar write efficiency. Because of this relation the cell cross section alone cannot be
used as a parameter to increase the time-bandwidth product.

An idea that we are currently exploring is to convert the Gaussian-profile excitation beam
to a top-hat profile. This way the excitation laser mode will be overlapping with the symmetric
mode. A bigger challenge is to tailor the detection mode to have the top-hat spatial profile
because the mode will have to couple to the filter cavities. If we imagine the case of top-hat
(uniform) excitation beam, we have the situation described by the Hamiltonian in eq. 2.32
where the detection mode, a,,, couples to the corresponding transverse atomic mode, b
Even if the detection mode remains Gaussian in profile, there is still a considerable benefit of
the top-hat drive. This can be seen from eq. 2.53. In this case there is no spatial dependency
for Q (hence also no temporal dependency). When both g and Q are Gaussian, the product

is

212\ 2 22102
9(z, y)Uz,y) o (e_ w2 ) — e (6.10)

But when Q(z,y) is uniform, we get an effective increase in the waist size from replacing
w — v/2w. This means a factor 2 increase in effective filling factor, cf. eq. 6.3.

If we would then aim for a cell cross section 3 mm x 3 mm, i.e. L — 10L, we should expect
to gain a factor 10 in coherence time. We can estimate the filter linewidth requirement from
eq. (2.59) with the effective waist increase from a top-hat beam. The dependency is given
in Fig. 6.3. We see that ny > 80% is obtainable for ko < 27 - T0kHz. Here we have used
I' — T'/10 to include the longer temporal correlations in a larger cell. The top-hat excitation
beam thus means that we should be able to increase the memory time by a factor 10 while
only increasing the averaging time by about a factor 2. This would mean an increase in
time-bandwidth product of a factor five and possibly more if the write pulse length is pushed
to the Fourier limit of the filter.

Meanwhile, three circumstances speaks in favour of realizing a DLCZ scheme without a cell
cavity: 1) The overall efficiency of the current scheme is limited by a low cell cavity escape
efficiency. 2) The cell cavity birefringence prohibits coinciding frequencies of write and read
photons, hence adding complexity to the filtering setups. 3) The top-hat beam configuration
is hard to achieve in a cavity. It is therefore likely that we will explore the scheme in a larger
cell without a cavity.

However, a scheme without cell cavity will require substantially more excitation rejection
from the filters because we no longer benefit from cavity enhancement. On top of that, for

the suggested 100-fold larger cross-section area, we will need 100 times more excitation laser
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Figure 6.3: Projection of write efficiency vs. filter cavity linewidth. Calculated for
3mm x 3mm cell cross section and excitation beam assumed uniform over the cross section.

The ratio w/L = 0.6 for the detection mode is the same as used in the microcell experiment.

power at the atoms to achieve the same mean intensity. To some degree the higher rejection
requirements can be compensated by employing a longer cell to increase the optical depth.
Moreover, a double-pass configuration — like the one of Thomas et al. (2021) — will yield an
extra factor two in OD. However, the amount of compensation is limited to a factor 10-20 for
a realistic cell length. We also note that the way to achieve higher laser extinction would be
to cascade several cavities to avoid having one very narrow filter where only very slow pulses

can transmit.



Chapter 7

Conclusion

The work presented in this thesis represents the first demonstration of single-photon genera-
tion in the long-lived mode of an atomic vapour cell with anti-relaxation coating. Moreover,
the presented experiments are the first demonstration of discrete-variable interaction with the
long-lived mode. This was achieved by successful implementation of the novel technique of
motionally-averaged photon counting. The technique yields a scheme for generating single
excitations in the long-lived atomic mode and retrieve them on demand within the near-
millisecond memory time of the mode. In order to attain high-fidelity readout, the atomic
four-wave-mixing process has to be strongly suppressed. We show how this can be achieved
by operating at the magic detuning in caesium where the type of light-matter interaction —
parametric gain or beam splitter — is selected by the linear polarization of the driving laser
pulse. The strong four-wave-mixing suppression scheme is only allowed for the D; line and
not available on the Ds line.

We show that the readout fidelity is limited by atomic state preparation for short storage
time and atomic repopulation (re-thermalization) of the storage state for long storage times.
By optimization of the optical pumping process employed for state preparation we are able
to limit the initial occupation of the storage state to 3%.

By bringing these building blocks together, we demonstrate single-photon generation and
retrieval in an atomic ensemble at room temperature. For immediate readout the cross-
correlation between heralding light and retrieved light reaches g\(,\Q,)R = 10=£1 which is strongly
non-classical and above the threshold that allows for Bell-inequality violation by entangling
two identical atomic ensembles. The readout fidelity is quantified by the auto-correlation
of the retrieved field conditioned on a heralding detection event. For immediate readout we
obtain an auto-correlation of 91(3{21)%|W:1 = 0.20 £ 0.07 which verifies the anti-bunched nature
of retrieved photons.

When characterizing the memory performance, we see that the correlation above the
Bell-inequality threshold is maintained for 7y = 0.15 4 0.03 ms of storage. In contrast, non-

classical correlation is maintained for Tng = 0.68 &= 0.08 ms. The observed 7y is two orders
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of magnitude longer than previous demonstrations in room-temperature atomic ensembles.
As a figure of merit for photon synchronization application we find that the memory time-
bandwidth product is 17 & 2 and limited by the long pulses required for motional averaging.

The scheme is performed inside a cell cavity which enhances the effective optical depth
of the atomic ensemble. While we find that the retrieval process is efficient with an intrinsic
efficiency of (70 & 8)%, limited by the chosen read truncation time, the external efficiency is

restricted because more than half of the retrieved light is lost due to intracavity losses.

We assess that the scheme does not show competitive performance for short-distance photon
synchronization but that it could find application within long-distance quantum communica-
tion at room temperature and identify three main parameters that require improvement for
successful employment.

1) The external efficiency must increase significantly. This concerns technical improve-
ments of the transmission through the filter cavities as well as cavity escape efficiency. To
remedy the latter we suggest to explore the scheme without the use of a cell cavity.

2) The memory time needs to increase by at least an order of magnitude. The memory
time is currently limited by the small cell cross section and can be increased by using a larger
cell. We suggest to investigate the scheme in a larger cell and find that it will require more
filtering. Moreover, the memory time should be increased without the need to prolong the
duration of the light pulses. To conserve the motional averaging we suggest that a scheme
involving a top-hat beam profile is explored.

3) The atomic noise should be further suppressed to enable higher single-photon readout
fidelity. This will require further work on the optical pumping process with the possible im-
plementation of microwave assistance as well as further investigation into the limitation from

cell fabrication.

In the context of academic interest we find that the successful implementation of the scheme
opens a path towards new experiments such as hybrid spin-mechanical entanglement in dis-

crete variables and generation of collective-spin Schrodinger-cat states.

As a final remark, it will constitute a breakthrough in room-temperature quantum memory if
this first demonstration of motionally-averaged photon counting in warm atomic vapour were
to be followed up by an identification of a viable path to combine the scheme with storage in

the spin-exchange-relaxation-free regime which offers second-scale memory time.
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Appendix A

Correlation model

Here we present a detailed derivation of the correlation model introduced in chapter 5. The
derivation is performed in the framework of probability generating functions (PGFs). The
PGF Gx (s) of a certain process X with outcomes {z} is defined as (Riley and Hobson, 2011)

Gx(s) =E(s") = Y P(X =x)s" (A1)
=0

and has the following basic properties.

1 X
Probabilities: P(X =z) = <x'> %Gx(s) . (A.2)
dk
Factorial moments: E{X (X —1)..(X —k+1)} = QG)((S) (A.3)
s=1
Sums: Gxy1y(s) = Gx(s)Gy(s) for X,Y independent (A.4)
Joint PGF: Gx y(s,t) =E(s"tY) = Z ZP(X =uz,Y =y)s“t. (A.5)
=0 y=0

In the DLCZ experiment we mainly deal with two distributions: the Poisson distribution
models the uncorrelated noise and the geometric distribution describing the thermal fields of

the two-mode squeezed state. The PGFs for the two distributions are given as

Poisson: GR(s) = A5~ (A.6)
1
e 1Geo _
Geometric: G3*°(s) = TFai=s) (A.7)

where X\ and p are the respective mean numbers. Another relevant distribution is the binomial
distribution which we shall use for introducing finite detection efficiency. The binomial PGF

is

Binomial: GH™(s) = (ps + q)" = Z <n>pan_xsx (A.8)
=0 r
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where n is the number of trials and p = 1 — ¢ is the success probability.
If we introduce a finite detection efficiency n, this will change our original PGF Gx(s) =
Yoo o Pns™ by modifying the the detection outcome (success/fail) according to a binomial

distribution. We can write this as

[e.e] o [e.e] n
6P =Y it = m . (M) (A9)
=0 n=0

z=0

=D pulns +a)" = Gx(ns +q). (A.10)
n=0

where we recognize the last sum in the first line as G)B(inom(s). Thus, we can introduce finite

detection efficiency by making the substitution

s—Hns+1—n=1+4+n(s—1). (A.11)

DLCZ model

We start out with the two-mode squeezed state of coherent write (X) and read (Y) contri-
butions to the detection. Since the joint state is a thermal distribution of photon pairs, the

joint PGF can be written

Gxy(s,t) = H—,u(ll—st) (A.12)

We then add noise as independent processes for write (W = X + A) and read (R =Y + B)
by multiplying the joint PGF to get

Gw.r(s,t) = Gxy(s,t)Ga(s)GR(t). (A.13)

This is the joint PGF for write and read detection events where X,Y are the underlying

coherent excitations and A, B the noise processes.

Cross-correlation

First we consider noise-free case where we have complete correlation in X and Y. We calculate
the (unnormalized) cross-correlation according to eq. (A.3).
d2

E(XY)= — t =22 A.14
(XY) dsdtGX’Y(S’ )SZM:I oA (A.14)

From this we calculate the normalized cross-correlation
2
@ _ BRXY) _2rtp o 01 1
— — =24+ —-—=1+4+ —. A.15
YT EXRY) 2 PR (4.15)

Here pg = u/(1 + p) is the excitation probability, i.e. pg = P(X > 1) is the probability for

one or more excitations in the thermal distribution.
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Since the noise is an independent process, we can include it by adding the accidental

coincidences. We then have

E(WR) =E[(X + A)(Y + B)] (A.16)
=E(XY) +E(X)E(B) +E(Y)E(A) + E(A)E(B) (A.17)
=20 + i+ pAg + AB) + s (A.18)

Notice that the correction from noise is independent of the probability distribution of the
noise. Only the mean noise numbers A4 and Ap enters. The cross-correlation then becomes

@) _ 28+ ptpdatAs) +ads (1 + p)
IWR = T T O+ Ap) + Mg ) Ag)
2+ u(da + Ag) + Aadp (w+Aa)(+ AB)

(A.19)

We now introduce the detection efficiency. The joint PGF in eq. (A.12) describes the pair-
wise generation of heralding photon and atomic excitation (in the symmetric mode). Thus,
detection efficiencies should include all losses from generated quanta to detection event. IL.e.
nx = nescnggt and ny = nﬁnescn(}fet. We use the substitution in eq. (A.11) and perform the
same step as above:

2

E(XY) = o Gy (s:1) = nxny (24 + ). (A.20)
s=1,t=1

In the absence of noise the cross-correlation is unchanged because also E(X)E(Y) = nxny u?
is scaled with the detection efficiencies.
We can adapt the noise result in eq. (A.19) to the result above by scaling with the detection
efficiencies:
2, = nxny (242 - 1) + (v da +nxAB) + Aas
nxny p? + p(ny Aa +nxAs) + Aadp
nxny (1* + 1)
nxny 2 + p(ny Aa +nxAp) + AaAp
(v* + p) (A21)
1+ p(Aa/nx + Ap/ny) + Aars/(nxny) ‘
We take A4 and Ap to be detected noise levels. Hence, we do not scale these values with

-1+

=1+

detection efficiencies.

Auto-correlation

Similarly, we can get an analytic expression for auto-correlation in presence of noise. E.g. the

first factorial moment of the write auto-correlation is
EWW -1)=E(X+A4)(X+A4A-1)) (A.22)
=E(X(X -1))+E(A(A—-1)) +2E(X)E(A) (A.23)

2 2
= ,u2gg(;( + /\12491(42‘ +2uM4. (A.24)
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From this we calculate the normalized auto-correlation function

@ 1205 + Nag' + 2uda

Tww = T2 o

(A.25)

Since this expression depends only on the mean and individual process auto-correlation,
we can include detection efficiency by the simple transformation p — nxp and the expression

becomes:

2 2
2 _ nidﬂg&}( + Aigif); + 2nx pAa

g =
ww N 12 + N4+ 2nx pda

(A.26)

Conditional auto-correlation

We now turn to the more complex problem of deriving an expression for the auto-correlation
conditioned on a single heralding write event. Conditional probabilities can be generated from

the PGF through the following operation:

%Gva(s )‘5:0

)
d
HGxy (5:)] oy

Gy|x=1(t) = (A.27)
where the numerator contains all terms for X = 1 (cf. eq. (A.2)) and the denominator is
normalization by the probability of having exactly one write event (cf. eq. (A.3) with & = 0).

2 _
RRIW —

0. Introducing non-perfect write detection efficiency nx will increase the conditional mean

If we consider the noise-free DLCZ with perfect write detection, we get by definition g

excitation number because multiple excitations can be perceived as single excitation. We

calculate the numerator and denominator in eq. (A.27) as follows:

d
%G})ﬁ;]y (Sa t)

d
%anﬁﬁy(&t)

_ pnx (1 +ny(t —1)) (A.28)

o ((I=pl[=nx +ny(t—1) —nxny(t—1)]))2 "’

Knx
_ ' A.29
5=0,t=1 (1+ pnx)? ( )

Inserting egs. (A.28) and (A.29) in eq. (A.27) yields

(1+ 9y (t = 1)1 + pnx)?
(1I—p(-1+A=nx)[1+ny(t—-1)*

Here we recognize the substitution for detection efficiency in read. If we transform back

QXY (t) —

Y|X=1 (A.30)

(ny = 1), the expression reads

t(1 4 pnx)?
(1 —p(—1+ (1 —nx)t)?

For perfect heralding nx = 1, then G7)7/)|(X=1(t) = ¢ which is the generator for P(Y = 1) = 1.

This reproduces the ideal two-mode squeezer correlation.

GIX (1) =

Y|X=1 (A.31)
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From the conditional PGF in eq. (A.31) we can calculate the auto-correlation as was done

above:
E(Y|X = 1) = iG”Y’I(X ( )L_l 14 m (A.32)
BV - DX = 1) = a0 - GEORIID g
EYY -1DX=1] (9 _ (4 +V6)u(l —nx)(1 + pnx)
EY[X =12 Iyy|x=1= (1 — nx + 202 (A.34)

The result in eq. (A.34) demonstrates that the conditional auto-correlation for imperfect
detection efficiency is non-trivial. The next step is to introduce false heralds from write noise

A. We again have to construct the conditional PGF as

d
EG%Y(& t) ’s:O

GT}]/TW (1) = d G (s t)‘ (A.35)
ds WY AT 0 =1
with the joint PGF given by
_— ax B era(s—1)
Wy (s:1) =Gy (s,1)Ga(s) = R ey (A.36)
Note that we assume the write noise to be Poissonian.
The numerator and denominator of eq. (A.35) can be written as
—Aa —Aa
HOeD| = i T T Ty A
and
—-A —-A
%G%Y(S’w s=0,t=1 N (QLT;UX; 1)\16/”}; =7 (A.38)

Then we calculate the autocorrelation in the same way as above:

o By nw=y _ 2 (E0(D ) imr _
R C L )

2(1 —nx)(Aa +nxp+ Aanxp)(Aa +2nx — /\A77X + 3nxp — N3k + Aanx p — /\Anxu)
(A +nx — Aanx + 2nxp — nk 4+ Aanxp — Aanip)?

(A.39)
And the conditional mean occupation of the atomic mode

p(Aa +nx — Aanx +2nxp — 773(# + Aanxp — )\Angdﬁ)

0 =EY|W=1)=
¥ ) (I +nxp)(Aa +nxp+ Aanxp)

(A.40)
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As I final step we add read noise following the result in eq. (A.27) and substitute with the

conditional mean p — ji:

~ 2 2 ~
) B 77%#29(n)/|wz1 + %% % + 20y AiNg

RRIW=1 = TR N 2y kg

(A.A41)
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