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Abstract

This thesis presents important aspects and limitations of an a priori deterministic
single-photon source using single 8’Rb atoms coupled to a high finesse optical cavity.
The photons emitted from this source demonstrate long coherence times, interfering
over a time of up to 450 ns, demonstrating a two-photon Hong-Ou-Mandel visibility of
0.78 £ 0.04 over the entire photon interaction time, with no degradation of coherence
observed when implementing a feedback mechanism to route the photons through a
desired output port.

The later chapters of the thesis examine two challenges that arise when trying to
improve the scalability of photon production, with the aim of producing streams of several
single photons that could be used beyond two-photon interference:

The first is the production of polarised photons, which has been done so far by
unfolding the magnetic structure of the atom, a technique that may result in a nonlinear
mixing of the states. In this thesis, we examine a way to produce polarised photons that
does not need to unfold the magnetic structure of the atom.

The second is the reduction of the cavity mode volume. As higher photon efficiencies
are achieved with ever smaller mode volumes, the fabrication of novel cavities could
potentially reach a regime where the multilayer structure of the dielectric mirrors becomes
relevant to the interaction of an atom with the cavity. This thesis derives coupling factors

that take this structure into account.
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Introductory remarks
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"To know a thing well, know its limits; Only when pushed

beyond its tolerance will its true nature be seen.”

— Frank Herbert, Dune (1965)

Introduction and motivation

Quantum mechanics is a non-classical physical theory that describes the behaviour of
nature at the atomic scale. Its ideas about wave-particle duality, superposition and
entanglement have fascinated generations of scientists and non-scientists, and have
provided accurate explanations for the behaviour of diverse physical systems such as
elementary particles, atoms and solid state systems. These explanations led to inventions
such as the laser and the transistor, devices which now make part of our daily life.

The last two decades of the 20th and the first two of the 21st century have seen an
explosion of technological breakthroughs which enabled the study of individual quantum
systems. The implementation of single-photon and squeezed light sources, the trapping
of single atoms in ion and dipole traps, the creation of Bose-Einstein condensates and
superconducting qubits, are all demonstrations unthinkable a century ago which have

led to the establishment of the Second Quantum Revolution[T]. The accuracy of these



implementations has also led to the creation of protocols and devices for measuring,
probing and simulating nature precisely, as well as opening the door for novel developments
in the fields of computing and simulation. Indeed, the work shown in this thesis uses
devices that could not be realised or understood without quantum theory, and for which
a significant technological development in the quantum technologies was imperative.

Mathematically, quantum systems are described by complex wavefunctions which
grow exponentially in complexity as their number of components increase. This poses
a fundamental limit on the use of classical computation for the simulation of quantum
systems [2]. Understanding these limitations eventually led to the proposal for a universal
quantum computer [3], where the use of entanglement and superposition could help
to solve problems much more rapidly due to quantum parallelism: the idea that the
interference of several quantum states yields results that reduce the computational
complexity of the problems treated. Some of the most successful algorithms proven
with the quantum architecture in mind involved the Deutsch-Josza algorithm, one of
the first quantum algorithms to demonstrate an exponential speedup with respect to its
classical counterpart[4]; the Grover’s search algorithm, which allowed for the much faster
solution of database search, reducing a complexity of O (N) to one of O (\/ﬁ) [5]]; and
Shor’s factoring algorithm, which unveiled excitement for the field as it proved that a
quantum computer would be able to factor large integers in polynomial time [6], therefore
threatening to break cryptographic protocols such as the RSA scheme [7]].

These ideas gave way to the implementation of quantum algorithms and devices for
quantum computing in the early 2000s, with the field consolidating on the development of
ever larger systems. Photons, for example, make for viable candidates as qubits: Photonic
quantum computing had early developments and implementations of some of its most
important algorithms performed for systems with a small number of qubits. Two of
such examples are Grover’s algorithm [[8] and Shor’s algorithm [9], both of which were
implemented using photons produced using spontaneous parametric down conversion
[10]. The development of the Knill-Laflamme-Milburn (KLM) scheme demonstrated that
efficient quantum computation was possible using only beam splitters, phase shifters,

single-photon sources and photodetectors [11, [12]].



In practice, however, the large number of optical elements, precision in stabilisation and
development of stringent quantum memories required for the implementation of a KLM
scheme has led to the development of other quantum computing schemes using linear
optics. One of these schemes is measurement-based quantum computing (MBQC) [[13,[14]],
where a large, entangled resource state is prepared and then single-qubit measurements
are performed yielding the results of the computation. For this, the realization of quantum
photonic applications on a sizeable scale depends on the reliable generation of increasing
numbers of indistinguishable photons, enforcing the simultaneous arrival of the wave
packets of multiple single photons [[15} [16].

The development of complex, large-scale quantum computing devices is already
underway, with key developments and results claiming improvements with respect to
existing classical computers: sophisticated systems comprising hundreds of physical qubits
are now being used to perform computations that, according to their realiser’s estimations,
would take thousands or even millions of years to perform on classical computers [16-
18]). In their photonic implementations, the aforementioned demonstrations that claim
quantum advantage rely on the interference of either multiple individual photons or
squeezed vacuum states for Boson Sampling [18]. In the most recent years, faster classical
algorithms have been found for emulating the processes where quantum computing has
claimed an advantage [[19], but the achievements of the references mentioned in this
paragraph constitute proof of the physical implementation of ever larger quantum systems
used for performing large-scale computations.

Another application for which quantum technologies has had an increasing interest is
the implementation of quantum networks, where the quantum state of spatially separated
nodes is shared using quantum channels. The network, and in particular its nodes, could
be used for the generation, storage or retrieval of quantum information. Due to the nature
of the entanglement and to the non-local correlations that arise from it, these networks
would allow for the realization of distributed quantum computations, more powerful than
those hitherto achievable by a single quantum computing device [20]].

A promising approach is the use of high finesse optical cavities to couple individual

states of light and matter, thereby proving a bridge between stationary emitters and



traveling photons as carriers of quantum information. Optical single photons can be
faithfully transferred over very long distances, on the order of hundreds of kilometres [21],
and their non-interacting nature makes their information robust against decoherence.
Individual photons can also be tailored to encode information in several degrees of freedom:
their time of arrival, which allows for a d—dimensional encoding with d > 2 [22], their
polarisation, as well as photon number states [23]]. Simultaneously, single atoms, as well
as ions, can be isolated by using laser cooling and dipole trapping techniques, and offer
the possibility of storing information during extended times. The interaction between
atoms and photons is relatively weak in free space, and greatly benefits from the presence
of an optical cavity, which enhances the interaction time between the atom and a single
photon, while creating a well-defined optical mode into which the atom can emit a photon.
A strong coupling within the cavity allows this to be a controllable, deterministic and
inherently reversible interaction, essentially establishing an idealised quantum interface
[24]. This allows for the generation of light-matter entanglement [25], entanglement
swapping [26] and the distribution of cluster states over an extended quantum network
[27].

An elementary implementation of a quantum network has been demonstrated using
atoms in cavities [24]], where the information of a stationary qubit, represented by an
atom in a cavity [28]], is mapped onto a flying qubit, taking the form of a single photon.
Other approaches have also used photons as flying qubits [29], but have chosen ions [26],
quantum dots [30] and Nitrogen-Vacancy centres in diamond [31] for their stationary
qubits.

A principal component in the effort of realising distributed quantum computing and
quantum networks is to improve the scalability of the current architectures and developing
methods for the reliable interconnection of distant qubits and quantum processors[32} 33]].
Some of the most pressing challenges in these endeavours involve improving the efficiency
and reliability with which light-matter interfaces emit and absorb identical photons. In
the case of single-atom single-photon interfaces mediated by cavities, two approaches
have been taken to tackle the aforementioned challenges.

The first approach has been to generate polarised sources that allow for the production



of identical photons. In particular, this includes the photon polarisation, which has to be
well-defined: this is also useful for photon routing based in connection with polarisation
switching optics. The generation of polarised photons requires the addressing of specific
transitions between magnetic sublevels. This can be done by lifting the Zeeman degeneracy
in a magnetic field, such that the cavity modes of specific frequencies are only in resonance
with the desired transitions . However, another way of ensuring specific transitions with
magnetic sublevels is to prepare the atom in only one magnetic substate, thus reducing
the number of levels involved in the generation process so that eventually no application
of magnetic fields would be required: this is important, as the presence of strong external
magnetic fields can reach the nonlinear Zeeman regime and alter the well-known atomic
level structure.

For the second approach, some recent light-matter interfaces have resorted to cavities
whose cooperativities are larger, requiring the use of ever smaller cavity mode volumes
that can be achieved using fibre-tip [34] or tapered [35,36] cavities, or by requiring ever
shorter cavity lengths. Here, the influence and structure of the multilayer dielectric stacks
present in the mirrors has to be taken into account.

In this thesis, we will address these two challenges, and explain how to overcome them
from a theoretical perspective. This opens the way for new experiments where the cavity
design, the multilayer structures on the mirror and the magnetic field landscapes are well
understood and used to the advantage of the light matter interfaces.

Furthermore, this thesis also explains experimentally how to produce single photons
whose properties can still be influenced in response to the outcome of first measurements
on the entire ensemble of photons in the experimental setting.

This thesis is structured as follows: In Chapter[2} we introduce the principles of the
single-photon source. We describe all the building blocks of the system theoretically for
generating both non-polarised and polarised [25] 37] photons between the magnetic
sublevels of the D5 line of 8Rb, while at the same time introducing the relevant
equations and parameters for the rest of the thesis. Chapter [3|describes the experimental
components used and how they are connected to produce single-photon states, while

detailing the properties of the single-photon source. Chapter []explains an experiment



realised using this source which demonstrates the capabilities of the system and the
properties of the photons it produces, while implementing a feedback mechanism that
allows to change the properties of the emitted photons as they are being produced. We
then describe in detail some of the challenges that single-atom single-photon interfaces
face when experimentally implemented: strong magnetic fields, which unfold the magnetic
structure of the atom in such a way that nonlinear Zeeman effects [37] are exposed. This
generates a limited polarised photon production efficiency. In Chapter 5| we theoretically
show how to overcome some of these issues using adiabatic repumping, and report on the
implementation of a single-photon demultiplexer using Pockels cells [38,[39], with the aim
of producing streams of photons for time-resolved Boson sampling experiments. After
reviewing the conditions for producing single photons more efficiently from our sources,
we conclude that higher cooperativities -and therefore smaller cavity mode volumes-
are required. For this reason, Chapter [6] examines the effect that mirrors composed
of dielectric stacks have on the coupling between an atom and a cavity. After having
examined the key results of this thesis, Chapter[7] provides perspectives for the future

directions of the experiment and some concluding remarks.



"If you wish to make apple pie from scratch, you

must first create the universe."

—Carl Sagan

Producing single photons with atom-cavity

interfaces

In the previous chapter, we have discussed some of the aspects that make atom-cavity
based single-photon sources appealing for the implementation of efficient and scalable
quantum networks. To understand how atoms and cavities can be used as building blocks
of quantum networks, this chapter will focus on explaining the key results that have

permitted Rubidium atoms in high-finesse cavities to be a viable source of single-photons.

2.1 Atom-cavity interactions

Quantum optics, is an essential theory based on the principles of quantum mechanics that

enables the understanding of atom-light interaction. Spontaneous emission, for example,



cannot be understood without a full quantum model of light as a harmonic oscillator.
Quantum optics describes spontaneous emission as the interaction of an atom with a
single mode of the electromagnetic vacuum, which has a non-zero energy and fluctuates
over time [40]. When this happens, the atom can be de-excited to emit a single quantum
of light, this is, a single photon. If an atom is continuously interacting with a continuum
of different vacuum modes, for example, in free space, light emission can happen in any
of the modes, allowing the atom to emit light isotropically.

The modes of light to which an atom has access can be engineered using an optical
cavity: an arrangement of mirrors that can be used as a resonator for light waves. This
allows for light of specific frequencies to interfere constructively while all other frequencies
interfere destructively, setting up standing waves in a region of space for a set of optical
wavelengths.

In an optical cavity, field amplitudes are substantially increased for a specific set of
optical modes with special directions of propagation and wavelengths. Within a cavity,
this set of modes enables the alteration of the radiative properties of single atoms coupled
to these modes, enhancing [47] or inhibiting [42] their spontaneous emission.

In this section, we examine the main properties and figures of merit that characterise
optical cavities. We then describe the interaction of atoms with cavities (section [2.2), using
the Jaynes-Cummings model. Finally, we demonstrate how the interaction between atoms

and light can be used for the generation of single photons with tunable properties.

2.2 Properties of optical cavities

An optical cavity is an arrangement of mirrors that acts as a resonator for light, enhancing
or inhibiting the propagation of light of specific wavelengths and propagation directions.
A Fabry-Pérot cavity is the simplest of such devices, consisting of two mirrors between
which light is reflected several times.

A simple Fabry-Pérot cavity can be modelled using two mirrors separated by a distance
L,y With intensity transmissivities 77 and T, and corresponding reflectivities Ry =1 -1}

and Ry = 1-T,, as shown in Fig. If an electric field Ey is directed at mirror 1, it is
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Figure 2.1: (a) Model of a Fabry-Pérot cavity. Two mirrors of transmissivity 77 and T, and
reflectivities Ry = 1 —T; and Ry = 1 —T, are set face to face. The light circulating between
builds up a phase ¢ after each trip that depends on the wavelength of the traveling light.
(b) Shows the cavity transmission as a function of the round trip phase shift ¢ built in the
cavity, which is directly proportional to the value of the angular frequency of the light, w.

possible to obtain the cavity transmission by summing the progressive transmissions and
reflections that the field undergoes as it bounces between the mirrors, while it accumulates
a phase of ¢ =2L,, - (21/A) = 2L w/c after each round trip. Assuming that no further

losses are present in the system, the cavity transmission is given by [43,/44]:

T2 1
I

T= 3 .
(1-R)" 1+ (1‘11;)2 sin’ (%)

Ej, (2.1)

where R = VR R, and T = \T1T,. The light transmission is periodic with respect to ¢,
yielding specific angular frequencies wy.s where the field is able to form a standing wave,
drastically increasing the intensity of the light enclosed. These resonances occur as integer

multiples of mc/Lcay, @ quantity that is known as the free spectral range:

nmc
Wres = —— = NAWEFsR, 1 € Z. (2.2)

cav

It is possible to expand Eq.[2.1]around each of the resonant angular frequencies wres

to find a Lorentzian lineshape in the cavity transmission:
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L= 2 AWFwWHM
T

TAWFWHM 4 (W — Wres)? + AW 0

(2.3)

where the lineshape has a full width at half maximum value Awgwnm. By solving Eq.

for frequencies whose intensity is half the maximum possible intensity, we obtain that

1-R _ ALL)FSR
VR F

AwpwHM = Awrsr (2.4)

where ¥ = n1VR/(1-R) is the cavity finesse, which is entirely dependent on the
reflectivities of the two mirrors. Conceptually, the finesse can be interpreted as the
ratio between the intensities inside and outside the cavity at resonance, modulo a factor
of m.

Since the mirrors composing the cavity are partially transmissive, a light pulse
circulating within the cavity will partially leak out the cavity mirrors. After each round trip,
more and more photons are lost from the cavity, with the intensity decaying exponentially

with every reflection. The field is emitted from the cavity at a rate
E(1) = Ege™ Ao/l = o=, (2.5)

which provides a characteristic photon lifetime in the cavity, given by [44]:

T — LCaV — 1
T e(1-R) Awpwhm’

(2.6)

This definition also allows us to understand the cavity finesse as the average number of
round trips that a single photon makes before leaving the cavity.

The parameters of intensity transmissivity 71 and T, can be chosen to be very different,
ensuring that the photon loss occurs with higher probability through one of the cavity

mirrors. This will be essential in further chapters for the directional emission of photons.

11



(a) Longitudinal propagation (b) Hermite-Gaussian modes

w(z)

Figure 2.2: (a) Longitudinal propagation of a TEM00 beam within a cavity. (b) Transverse
structure of different Hermite-Gaussian cavity modes.

2.3 Transverse structure of cavity modes

In order to ensure that a cavity encloses a finite mode volume, it is necessary to confine
the cavity modes also transversely. Practical resonators generally have spherical mirrors
whose curvatures must be chosen to ensure that the mode within the cavity does not
diverge under successive reflections, ensuring the containment of the light mode within the
cavity [36]. Since the longitudinal profile of the stable modes inside a cavity with curved
mirrors can be considered to vary slowly with respect to their transverse counterpart,
their behaviour resembles that of an almost plane (paraxial) wave [45] 46]. In cartesian
and cylindrical coordinates, the fundamental transverse solutions of the paraxial waves
within the cavity are either Hermite-Gaussian or Laguerre-Gaussian modes[[45H48]].

The fundamental Hermite-Gaussian mode is the TEMq (transverse electro-magnetic),

whose electric field for a beam of wavelength A can be expressed as [45} 46,148, [49]]

w@ )T w2

. krz Lcav
+i —2(Z+ZR2/Z)—k(z— > )—‘I‘G(Z)]}

2
w r
Eoo(x,y,2) =Ey—> { —
2.7)

for a beam propagating in the z direction. Here, r? = x> +y? and k = 2r/A. The usage of
curved mirrors of equal curvature radii enables the propagation of a symmetric TEM00

mode with a waist wq at the position z = 0. The value of wo depends on the radius of

12



curvature of the mirrors R,y and the cavity length, L,:

A |L L
W(z) = ;\/ ;aV (Rcav - ;av)~ (2'8)

At a distance z from the waist, the beam has a width given by

2
w(z) =wo 1+(i) , (2.9)
2R

where zg = ﬂw(z)//l is the Rayleigh range of the beam, the distance over which the cross-
sectional area of the beam doubles. As the beam propagates, it also acquires an additional

phase shift, called the Gouy phase, Wi, whose value is given by [48,/49]

Y (z) = arctan (i) ) (2.10)
<R

For an arbitrary cavity with an electric field distribution given by E (r), the volume
of the mode within the cavity is calculated by integrating the electric field distribution

inside of the volume of the resonator, as follows:

1 2 3
Vin = |E(O)|2/ yeR |E (r)|“d°r. (2.11)

< € (07 Lcav)

Here, E (0) is the electric field on the beam axis at the minimum waist, wo. For a TEM,
Hermite-Gaussian mode volume on a cavity of length L,y, this mode volume is given by

[48]:

2
7TWO

Vin = —~Leav (2P*plq!). (2.12)
The mode volume will determine the interaction between the cavity mode and a single
emitter within it, as we will see in the upcoming sections. As we will describe in next
section, the coupling strength between an atom and the mode of one photon at the place
of the atom is inversely proportional to VV,.

One final figure of merit for that characterises the cavities coupling is the extraction

13



efficiency of the cavity, which also takes into account the loss coefficients (L1,L;) of the
cavity mirrors. If the photon extraction is expected to happen from mirror 2 of the cavity,

the extraction efficiency fextract is given by

T
T2+T1+L2+L1.

(2.13)

Nextract =

2.4 Two-level atoms in cavities

Figure 2.3: Relevant parameters for the coupling of a two-level atom in a cavity. The
two-level atom and the cavity interact via the coupling parameter, go, which exchanges
the excitation of atoms and light in the cavity. The cavity field decays at a rate «, while
an atom within it in the state |e) spontaneously decays with a rate y. The cavity is tuned
to be resonant with a frequency wc, detuned from the atomic resonance wge by Ac.

At the most basic level, the interaction of a single atom with the electromagnetic mode
of a cavity can be described using the Jaynes-Cummings model [50]. This model assumes
that the electromagnetic field within a cavity, of frequency wc, is quantised in a set of
discrete levels equally separated in energy, i.e., photon number states |r). Simultaneously,
the atom can be modelled as a two-level system with ground state |g), excited state |e),
and energy separation 7iwg.. A depiction of the atom within the cavity and the relevant
parameters is shown in Fig. As the cavity field and the atom do not need to have the
same frequency, the detuning between them is given by the quantity Ac := wg. —wc.

The dynamics of the atom-cavity system can be predicted using the Jaynes-Cummings

14



Hamiltonian, which considers three terms: two independent terms for the atom (7:(at0m),

modelled with the Hamiltonian of a two level system:
Flatom = hewyg 18) (g]+hw, |e) (], (2.14)
and the cavity (7:{%\,), modelled with the Hamiltonian of a Harmonic Oscillator
Hepy = hwca'a. (2.15)

The third term is a Hamiltonian that describes the interaction between the atom and the
cavity. By introducing the atomic state creation and annihilation operators, &' = |e) (g|

and & = |g) (e|, the interaction Hamiltonian has the form
Hine = —hg (a7 +670), (2.16)

where g is an interaction term between the atom and the cavity mode. g is bounded by a

maximum coupling go[51-54], which for a vacuum field within the cavity is given by

wc

P 2.17
2heoVm 217)

0 = ||

Here, pt,, is the dipole moment of the atomic transition, &¢ is the permittivity of vacuum,
and V, is the mode volume of the cavity. As mentioned before, this implies that the
interaction between any atom and the cavity mode is limited by the size of the mode
volume. This can be explained by the fact that the field-atom interaction is given by the
field density within the cavity, which is inversely proportional to the mode volume.

For the case where the cavity is in resonance with an atomic transition, we consider
that any modes forming within the cavity behave as standing waves with nodes in each
of the mirrors. We have seen that the fundamental mode, which has a transverse spatial
distribution that follows a Gaussian mode, has a higher intensity in the antinodes of

the wave, close to the axis that connects the cavity mirrors. For this reason, atom-cavity

'whose zero-point energy can be neglected, as it is not relevant for the dynamics of the system.
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coupling is never uniform and it depends heavily on the position of the atom within the
cavity. In reality, the effective coupling measured in experiments is generally closer to
g ~ 0.7g0.

The final Hamiltonian is therefore written as
H = Hcav +7{atom +%nt~ (2'18)

The relationship between the different couplings and decay rates of the atom-cavity

system can be characterised using the cooperativity parameter, defined as

g2

C=—,
2Ky

(2.19)

which can be used to understand the relation that the coherent atom-cavity interaction
provided by g has with the incoherent decay rates of the atom (y) and the cavity (x).
A strong coupling regime occurs when g > {k,y}, which implies C > 1. This regime
enables the apparition of Rabi oscillations in the atom, with the atom-light interaction
dominating over any atom or cavity-related losses. A different behaviour occurs in the bad
cavity regime, where the losses through the cavity mode, k, dominate the interaction: x >
3%/k > 7y. Here, the emission of light occurs through amplified spontaneous emission[55]].

The eigenstates of the Jaynes-Cummings Hamiltonian are mixed atom-photon states,
commonly known as dressed states. The degenerate energies of the atom-cavity system
unfold, leading to a ladder of energies that connects the atomic ground state |g;n) with

the excited state, |e;n—1). Dressed states have the form [44]:

1
V2

+ 1 h 2 2
E; = (n+ E)thiE(ACi‘MngO"'AC)' (2.21)

Even when no photons are present in the cavity, an atom-cavity system prepared in the

|¥r) = —(lg:n) Flesn—1)) (2.20)

with energies [56]

eigenstates |‘P;f> can be subject to the Rabi oscillation of the atomic population [57].
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Figure 2.4: When adding an additional ground level in the atom |u), a laser coupling
with Rabi frequency Q and tuning the cavity and laser couplings to Raman resonance,
the dressed atom-field states become triplet states with a dark state that enables the
transfer of population between the atomic ground states. (a) Shows the energy diagram
for the three-level system in Raman resonance, while (b) shows the energy behaviour of
the dressed state triplet in Raman resonance, with the dark eigenstate in the middle. This
figure is adapted from [55]].

Additionally, a splitting in the transmission of a cavity can be seen even when a single

atom passes through the cavity mode [58].

2.5 Raman resonance and single photon production

The techniques learned in the previous section allow us to understand the interaction of
multi-level atoms with the vacuum field, as well as its use for the generation of single
photons using atoms in cavities.

By driving the atom with an additional light field of Rabi frequency Q (for example,
emitted by a laser) and coupling it to a second ground atomic state |u), it is possible to
extend the Jaynes-Cummings model to include Raman transitions in a three-level atom.
In this case, the interaction Hamiltonian is changed to include the interactions of the laser
field driving the transition|e) < |u), as long as the laser driving and the cavity are only

coupled to their respective transitions[55]:

A

Fir = | Al ul+ Ac2) (81~ (le) ul+ 1) <e|>] ~go(le)(gla+a'lg) el). 222)
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Here, A| is the detuning between the atomic transition w,. and the laser frequency w. If
the detunings are matched to ensure a Raman resonance, i.e., Ac = A = A, the coupled

atom-cavity system will have eigenfrequencies given by

2
Iy 1
F = wc (n+§)+§(Ai\/m). (2.24)

And just like in the previous section, the dressed states will have the form [55, 56]:

1
wg =wc (n + —) , (2.23)

|40} = cos(®) [u,n— 1) —sin(®) |g,n)
|¢;> = sin(®) sin(®) |u,n— 1) +cos(®) |e,n — 1) +sin(P) cos(P) |g,n), (2.25)

|¢;> =cos(®)sin(®) |u,n—1) —sin(O) |e,n — 1) + cos(D) cos(P) |g,n),

where ® and ® are mixing angles defined by

0 1/4ngg+£22

tan(®) =

Zao N

The eigenstate |¢2), known as the dark state, does not involve the excited atomic state.

tan(0®) =

(2.26)

Moreover, by changing in the values of ® (and therefore in the values of Q for a fixed
value of gg), a transfer of atomic population between ground states is enabled.

By placing an atom in an empty cavity, it is possible to consider only excitations at the
single-photon level (n = 1), to transfer population between the states in the dark eigenstate
|¢2:1> to produce single photons. The three atomic levels involved are now |u,0), |e,0)
and |g, 1), coupled respectively to the driving laser (€2, which couples |u,0) and |e,0)) and
the cavity (whose real coupling g is bounded by go, which connects |e,0) and |g, 1)), as
seen in Fig.

If the atom-cavity system is prepared in the state |¢(1)>, it is possible to change the value
of Q (the intensity of the laser beam) adiabatically in order to transfer the population
between the ground states |u,0) and |g, 1) while avoiding any spontaneous emission

events [22, 56, 59-61] that occur when the atom is in the state |e). After the value of ®
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Figure 2.5: The three-level A-system used for realising the V-STIRAP process. An additional
level for photon decay from the cavity is shown.

is changed from 0 to 7/2, the state has been transferred to |g, 1), the field within the
cavity decays with a rate k, eventually leaving the atom-cavity system in the state |g,0),
as shown using Eq. The adiabaticity required for this process to work, as well as the
mediation of the empty cavity gives the method the name of vacuum-enhanced stimulated
Raman Adiabatic Passage (v-STIRAP) [62].

In the experimental implementations described in further chapters, photon generation
using this method occurs between the hyperfine states of the D, line in 3’Rb. The ground
states generally considered have been the |u) = |F =2) and |g) = |F = 1) ground states of
the atom, while the excited state is the |e) = |F’ = 1) state [60]. After the photon has been
emitted from the cavity, the state of the atom needs to be brought back to |u), something
that is generally done by performing optical pumping, i.e., by exciting the atom with an
optical pulse in such a way that the population accumulates in the desired state after

several spontaneous emission cycles.

2.6 Control of the amplitude and phase of single
photons

The adiabaticity required to avoid spontaneous emission events can also be used to control
the dynamics of photon emission from the cavity, and therefore, the amplitude and phase

of the photons emitted by the atom-cavity system. Using the triplet of states in Fig.
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and modifying the Hamiltonian of the system to include the non-Hermitian losses caused
by cavity decay and spontaneous emission, the dynamics of the system are governed by a

time-dependent Schrodinger equation,

Cu(t) 0 Q(t) 0 Cu(t)

d

il cg(n) [==5| Q0 2y 28 || () | (2.27)
ce(1) 0 2g*  2ik ce.(1)

where the overall atom-cavity system is in the state |¥) = ¢, () |u,0) + c.(1) |e,0) +
cg(t)|g,1) at time 7.

By imposing a desired single photon wave packet ¢ () in the domain [0,7] with
efficiency n, it is possible to link the time evolution of each of the probability amplitudes
of the state |¥) with the photon wave packet yph () = /o (7). Following [51], the

probability amplitudes are written as

cg (1) = Vo () [ V2x, (2.28)
co (1) = —é [co (1) +kee (1], (2.29)
Q(t)c, (1) =2 [iée (1) +iyce(t) - gcg(t)] , (2.30)

As the population of the |u,0) state decreases due to the incoherent channels of

spontaneous emission and cavity decay, its value decreases as

cu®P =1=leP=leg0f - [ dt [2ylecoP +2xle, 0 [ @30
0

Connecting Eqs. |2.28}[2.29} [2.30|and [2.31} and assuming that Y,y (?) is a real function, the

Rabi frequency of the driving pulse Q(t) is given by the function

2[ice (1) +iyee(1) - gey (1)]

\/ L= lee (P = eg O = f dr [27lee(Ol +2¢]e, (0]

Q1) = , (2.32)

which defines the driving pulse that generates a photon with efficiency 7 and wave packet
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Figure 2.6: This figure shows the required driving pulses to produce the different single-
photon wave packets shown in the insets (single, double and triple sin? pulse, and
double sin? pulse with a phase shift of 7 between its humps) for different efficiencies
of n=1{0.1,0.3,0.5,0.7,0.9} using coupling rates of {g,x,y}/2m = {12,14,3} MHz. As
mentioned in the text, a diverging photon wave packets corresponds efficiencies that
are higher than the physical limit provided by nmax =2C/(2C +1) = 0.87. This image is
adapted from [63,64]

Yo (t). By choosing i, (1) to be a real function, c, () will be too, while c, (¢) and ¢, (1)
will be purely imaginary. As a consequence, Q (1) in Eq.[2.32 will be a real function. Figure
[2.6] shows different driving pulses for the production of single photons of arbitrary shapes
with efficiency . The amplitude, phase and efficiency of the photon wave packets are
modifiable, as shown in Fig.[2.6)(c), where the photon amplitude remains the same as in
Fig. [2.6(b) but there is a phase shift of 7 between the first and the second hump of the
photon.

Avoiding spontaneous emission by excitation of the atom is a crucial goal for the
production of single photons. Nevertheless, it is always possible that experimental
conditions make the excited state contribute weakly to a system that is meant to be
prepared in the dark state |¢?>. A bound on the maximum efficiency for producing single

photons is found by enforcing that no population lies in the initial state at the end of the
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pulse, i.e., that [65]]
2
Cuu(t=T,8, 6,7, y=y,,,| =0 (2.33)

In this case, an upper bound for maximum efficiency for smooth pulses with smooth

derivatives of compact support in [0,7] can be written as

1 T\ |
1+%(1+/0( - )dt)

For the case of long pulses with Tk > 1, the integral vanishes when T becomes large,

Nsup = (2.34)

making the maximum efficiency limited by

2C

max = ~ 4 - 2.35
Nma 20+1 ( )

One interesting feature of producing single-photons using temporally shaped driving
pulses is that symmetric single photon pulses correspond to asymmetric driving pulses
[55]. In the case of a symmetric sin® pulse, as the population of the atom-cavity system
decreases, it is necessary to increase the Rabi frequency of the system to compensate for
the population already depleted from the system. Moreover, from the previous chapter we
have seen that the maximum efficiency for photon production is given by Eq. This
implies that a driving pulse requiring a photon efficiency higher than 7,,,x would become
diverging, as can be seen in Fig. [2.6/for pulses with efficiency n > 0.9, as the theoretical
maximum for the coupling rates {g,k,y}/2m = {12,14,3} MHz is pmax = 0.87.

2.7 Production of polarised photons

So far, we have described the behaviour of atoms within cavities, as well as the role
of external laser fields in the production of single photons when a Raman resonance
condition is achieved. Many experimental implementations of the aforementioned photon
production systems rely on the loading of alkali atoms like Rubidium or Caesium, whose
hyperfine levels serve as the model of the idealised 3-level systems discussed in the

previous chapters.
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Figure 2.7: Scheme for producing photons of alternating polarisation. (a) The driving
pulse, shown in blue, can be decomposed into the o* and o~ polarisations required
for driving the magnetic sublevels of the atom. The frequency of the driving pulse is
periodically detuned to create an alternating stream of polarised photons, ensuring that
the undesired polarisation of the driving pulse is too far detuned to couple to the levels
used for producing photons. This image is adapted from [54].

In general, the hyperfine transitions between atomic levels do not produce polarised
photons. Rather, the polarisation of the emitted photons stemming from hyperfine
transitions can be considered random or even vary over time, as is the case when a
cavity has a significant amount of birefringence[|66]. Practical applications require that
single-photon sources emit photons that are identical to each other, an idea that we will
revisit closely in Chapters[4 and 5| Moreover, the production of polarised photons can
also be useful when using deterministic routing switches that allow for the simultaneous
arrival of single photons. The routing of photons is customarily used to characterise the
quality of the photons produced by means of two-photon interference, an idea that will

be explored in Chapter [4]
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In order to produce polarised photons, it is possible to address specific transitions
between magnetic sublevels in the atom. Generally, this is performed by applying strong
magnetic fields that lift the Zeeman degeneracy of the atomic structure 37,54, 67]. In
this way, the cavity modes that address the magnetic transitions are only in resonance
with them.

One particular scheme proposed for generating polarised single photons is seen in
Fig. By using a magnetic field with magnitude B in the orientation of the cavity
axis, the |F = 1) ground state on the D; line of 3’Rb is split into three magnetic sublevels,

separated in energy by a detuning
FAz =7F|gL| usB, (2.36)

where g| is the Landé factor and up is the Bohr magneton. A driving laser is sent with a
polarisation that gets decomposed into the o* and o~ polarisations of the atom, with
the atomic quantisation axis parallel both to the cavity axis and to the orientation of the
magnetic field. Keeping the cavity tuned to a fixed frequency, it is possible to periodically
detune the frequency of the driving pulses such that a atom-cavity system creates a
o *-photon followed by a o~ -photon. In this way, the pulse that drives the production of
a photon with o* polarisation is also used to prepare the atom in the initial state required
to produce a photon with o~ polarisation. Although this is desirable, as it reduces the
time necessary for an atom to be repumped, i.e., the time that an atom is not producing a
photon, a failed photon production breaks a long stream of photons irrecoverably.

After photons have been emitted from the cavity, their circular polarisations can be
converted into linear polarisations using wave plates, and routed using fibre delay lines

that ensure the simultaneous arrival of two or more photons.

2.8 Atomic structure in the presence of a magnetic field

As has been mentioned, a strong external magnetic field can be used to break the

degeneracy of the magnetic sublevels in the |F = 1) hyperfine state of the D; line in
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Figure 2.8: This figure shows the energy eigenstates of the excited 52P3/2 level for the Dy
line of 3Rb line. In the absence of a magnetic field, the levels are separated in energy
by the hyperfine interaction, with |F” =0) set to zero. As the magnetic field strength
increases, the Zeeman effect lifts the level degeneracies, initially shifting levels linearly
proportional to the value of m. As the field strengths increase, the states become linear
again in the strong-field regime. This time, they are sorted according to their m; and m;
values, which are decoupled due to the strength of the magnetic field. The states that
have |F,mp =0) in low fields are shown with thick lines. This figure is inspired in [63}68]].

87Rb. However, the strength of the field (on the order of 20 G) required for a splitting
where the driving lasers do not affect unwanted levels is so large in this state (larger
than the cavity linewidth, k ~ 10 MHz) that it reaches the nonlinear Zeeman regime[37],
altering the well-known atomic level structure.

When an atom interacts with a static magnetic field, the Hamiltonian that governs

the dynamics of its structure is modified by a Hamiltonian of the form
Flnoa = hAni- - B (g/1+g5S +g.L) (237)

where Ay is the dipole coupling constant in the ground state of the atom, S, L and I
are the spin, angular momentum and nuclear angular momenta operator for the atom,
gs, gL and g; are the accompanying electron spin, orbital and nuclear g-factors [69], and
J=L+S is the total electron angular momentum of the atom.

As the strength of the magnetic field increases, the coupling between the different
magnetic levels changes. Indeed, by considering a Breit-Rabi diagram of the D, line of

87Rb, it can be observed how the magnetic sublevels pass through three different regimes.

25



The two extreme regimes are a weak-field interaction, where the change in energy is
linearly dependent on the field strength as the interaction of the nuclear and total orbital
angular (J = L+S) momentum is stronger than the interaction of either with the external
field, and the strong field interaction, in which the interaction of the orbital angular
momentum with the external field dominates and the energy level dependence is once
again linear with respect to the strength of the external field [37, 68} [70].

The regime in which the field has been historically operated for producing single
photons [25, 37, 54] has been intermediate: neither of the aforementioned interactions
dominates, making the excited atomic levels interact nonlinearly with the magnetic
field. The perturbation introduced by Hmoq transforms the hyperfine states |F,mp)
into redefined eigenstates([37, [70] |tﬁ (F,mp)> which may have contributions from all
the former eigenstates of the field-free Hamiltonian. The couplings between two atomic
magnetic sublevels i and j, Ajj, which have an analytic description in the absence of a
magnetic field [70] 71], get modified nonlinearly in the presence of magnetic fields. In the
regimes considered here, this state mixing only happens for the excited states.

As an example, the transitions between the ground states |F = 1,mr = x1) and the
excited state |$(F’ =1,mp= 0)> are oppositely affected: while one gets stronger, the
other one gets weaker. Moreover, the transition |F =1,mp =0) < W(F’ = 1,m}, = O)),
initially forbidden, becomes strongly allowed and even surpasses its coupling value with
respect to the weaker allowed transition. This is shown in Fig.

For the polarised photon production scheme shown in the previous section, a reduced
coupling in one of the branches leads to a lower production efficiency for photons with a
o~ polarisation. As mentioned before, the driving pulse also acts as an atomic repumping
pulse, making the emission of any given photon dependent on the emission of the previous
one. If one of the couplings becomes weaker and asymmetric in the presence of a magnetic
field, the emission of the second and all of the subsequent photons becomes drastically
impeded.

As a matter of fact, since the transition between the levels |¢Z(F’,m3E = 0))
—|F=1,mp=+1) transition is more efficient than the transition

|J(F’,m}:O)>—>|F: I,mp=-1) in the presence of a magnetic field, the atomic
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Figure 2.9: Coupling strengths A;r from the initial state i to the final state f,
dependent on the detuning applied |Az| by inducing a static magnetic field (Eq. [2.36).
Both figures show the couplings between the three ground states |F =1,mp=+1),
|F = 1,mp =0) and the excited states (a) |1;(F’ =0,m} = O)> and (b) |1;(F' =1,m} = O)>
The couplings change nonlinearly with the field strength, making the forbidden
transition |F = 1,mr=0) & |zZ(F’ =1,m} = O)> become allowed and stronger than the
|[F=1,mp=1) e |J(F’ = l,m% = O)> used for photon production. This figure has been
modified from [63] [66]. As mentioned in the main text, in the presence of the static
magnetic field, the ground states can still be considered to have no mixing between them
in the magnetic field regimes considered here.

population is unlikely to be repumped efficiently, making it unlikely to recover the state
of the atom for producing a subsequent photon.

The method for producing polarised photons discussed here is feasible, and has been
shown to work in the past [37,54]. However, as we have seen, it relies on the lifting of
Zeeman degeneracies in a magnetic field that gives rise to nonlinearities. In turn, the
production efficiency gets adversely affected, asymmetric and is significantly reduced.
In Chapter[5] a promising alternative scheme is introduced that does not rely on the

application of magnetic fields to address specific magnetic sublevels in an atom.

2.9 State of the art

The principles mentioned in this chapter have been known and used for several different
experimental devices in the last three decades. Here, we examine several of them and
their history.

Adiabatic methods that control the population transfer between the ground states of
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a A-system by means of a dark state such as the one presented in the previous chapter
have been known as STIRAP [72], an abbreviation of Stimulated Raman Adiabatic Passage.
Although STIRAP originated in the early 1990s with applications in chemical dynamics
in mind [72H75]], the process was popularised from the year 2000 when its use for the
interfacing of atoms and light was pioneered by Hennrich et al. [59,62] in the group
of G. Rempe. There, three hyperfine levels of a single atom of 3°Rb in an optical cavity
were used to perform stimulated Raman scattering of a pump laser into the mode of a
high-finesse cavity. The Raman scattering was also identified to act as a source of single
photons, and was characterised to be a-priori on demand, provided that single atoms were
present in the cavity. It also allowed for a narrowband emission, given the high finesse
of the cavities used and the precision of atomic transitions. Early implementations of
STIRAP methods used continuous lasers: the timing of the interactions was achieved by
time-of-flight, with molecules and atoms flying transversely through a pair of overlapping
laser beams.

In 2004, the aforementioned source was used to perform the time-resolved interference
of two single photons arriving simultaneously at the input ports of a beam splitter [76} [77]],
a topic that will be discussed carefully in Chapter[4] That same year, the the group of H.J.
Kimble demonstrated a deterministic single-photon source [78] by trapping a Caesium
atom in an optical cavity for 0.14 seconds.

The source kept being refined, and the ideas for producing polarised photons mentioned
in the previous sections were proposed [67] and realised [54] in 2007 by Wilk et al., who
lifted the degeneracy of the hyperfine levels in a 8Rb atom to produce polarised photons.

Further efforts to improve the controllability and efficiency of single photons produced
with atom-cavity sources were pioneered after 2010, when the shaping of the driving
pulses to generate photons with arbitrary wave packets was theoretically proposed [65]
and later experimentally realised [60] .

Due to the narrow linewidth of these single-photon sources, their coherence times
started to reach timings commensurate with those taken by electronic circuits to perform
feedback on experimental systems. This allowed our team to perform partial measurement

of two-photon states, enabling an influence in the wave function collapse of a single
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photon. This is partially recounted in [63}164,79], and published in an article titled “How
to administer an antidote to Schrodinger’s cat”, which is adapted for inclusion as Chapter
The photons produced with this source have also been used to perform quantum
operations such as a C-NOT gate, using the photons from our source and silica-on-silicon
photonic chips[6T].

One of the key applications of these single-photon sources is their application towards
the realization of quantum networks. For this, key developments have been the interfacing
of single atoms and single photons in 2007 [25}[80]], and the proposal of quantum networks
with stationary atomic qubits and flying photonic qubits [24] [81]]. Over the course of the
last decade, different quantum technologies have strived for the realization of elementary
two-node quantum networks: some recent examples include trapped ions[82], NV centres
in diamond [83] and quantum dots [84]. Moreover, there have been efforts to grow the
number of nodes, with a recent result in NV centres implementing a three-node quantum
network [85].

In the latest years, the v-STIRAP process has been adapted and improved to use the
long trapping lifetimes and gate fidelities of trapped ions, with the intention of realising
faithful and reliable quantum networks. Single-photon sources from such systems have
been realised (for examples see the work of the groups of Matthias Keller [86H88]], Rainer
Blatt [89-91]) and Tracy Northup ([92, 93])), overcoming challenges such as the usage
of dielectric mirrors close to the ions, which negatively affect the performance of ion
trapping.

Finally, a key challenge in the development of atom-cavity based single-photon sources
has been the fabrication of cavities with smaller mode volumes, which greatly enhance
the coupling between the emitters used and the cavity modes. For this, several approaches
have been taken: several research groups in the decade of the 2010’s have implemented
fibre cavities, whose small mode volumes greatly enhance the cooperativity of the atom-
cavity based photon sources (see, for example, the work of the research groups of Jakob
Reichel ([34]), Matthias Keller ([94]) and Dieter Meschede ([95]]). Unfortunately, the
fabrication of stable fibre-based Fabry-Pérot cavities provides additional complications,

as well as difficulties in mode matching for fibre coupling. These difficulties have led to
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the development of cavities whose mirrors are macroscopic, but tapered in such a way

that the mode volumes of the cavities are small, leading to high cooperativities ([35} 36]).

2.10 Conclusions

In this chapter, we have shown the theoretical elements necessary to understand the
process of photon production using atoms within cavities. We have described the most
important parameters relevant from cavity design, including the mode structure, mirror
curvature and field decay. We then explored how the interaction of a cavity with an
atom can lead to the generation of dark states, which enable the adiabatic transfer of
population between atomic ground states while minimising atomic spontaneous emission.
We also showed how the shaping of driving pulses is useful for tailoring the wave packet
of single photons, and described how the magnetic structure of an atom is used for
producing polarised photons while modifying the coupling of atomic transitions. Finally,
we examined the most relevant milestones in the field that have used the techniques
of adiabatic passage towards the development of single-photon sources for quantum

networking.
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"A physicist is just an atom’s way of looking at itself."

—Niels Bohr

Experimental implementation of an

atom-cavity single-photon source

After having described the physical principles required for single-photon production using
atoms in cavities, this chapter reviews some of the previous experimental implementations
that have produced single photons using atoms in cavities, and details the experimental
infrastructure required for producing single photons using an atom-cavity source: the
cavity, the atoms used, the mechanisms for laser cooling, the counting and time-tagging
modules, and the software used to ensure the correct functioning of the source.

This chapter describes first the historical features implemented by successive iterations
of atom-cavity sources (section and then recounts the properties and implementation
of the current magneto-optical trap and atomic fountain (subsection [3.2), the cavities

(subsection the laser and locking arrangements (subsection [3.4), the single-photon
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detection (3.7) and the software to control (3.8) the experimental devices used for this

thesis.

3.1 History of the experiment

This is the third iteration of a source initially devised and implemented by Peter Nisbet
and Jerome Dilley, upgraded and replicated by Oliver Barter and Annemarie Holleczek in
its second generation, and then refined by Thomas Barrett, Dustin Stuart and Oliver Barter
in its third generation. The source is itself inspired in the seminal work done in the teams
of G. Rempe [54},59,96] and H.J. Kimble [[78,007,08]]. Each of these sources was based on
the idea of interfacing a high-finesse optical cavity with atoms sourced from a magneto-
optical trap (MOT) set up in an atomic fountain configuration. The source’s operation is
described in detail in the theses of the aforementioned students[52, 64, 09-101], but the
bulk of its operation is redescribed here for completeness.

The interfacing of a single atom inside of a cavity is the key element of this experiment,
happening for periods shorter than 100 microseconds, with cavities that have optical
modes spanning only hundreds of micrometers. Due to the extremely fast velocities
that atoms have in atomic vapours, on the order of hundreds of meters per second, the
interfacing of atoms requires the use of laser cooling, which diminishes the velocities of
the atoms by using a series of lasers and magnetic fields.

Experimental arrangements in the past have dropped a MOT cloud through the cavity
mode, limiting the potentially achievable interaction times [54]. More recent developments
have focused on the use of different types of dipole traps [35} 95} 102} [103]] to localise
single atoms and ions within a cavity mode. The use of dipole traps allows experimenters
to couple a single atom to the cavity for long times, provided that the distortion of atomic
levels by AC-Stark light shifts is corrected. An implementation of a neutral atom in an
optical dipole trap within a cavity would allow for improved efficiencies in the production
of single photons, greatly improving the ability of this interface as a node for quantum
networking. Nevertheless, the effects of light shifts and the frequent re-cooling of the

atoms result in a substantially larger experimental complexity. Extensive work inside
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(35136, [104-106] and outside [102,[107-H109] the Atom-Photon Connection research group
has been made to trap and control single atoms with dipole traps inside of cavities, but
the apparatus reported in this thesis does not contain such a device. Other experimental
teams [92,[94]] have opted for interfacing trapped ions with optical cavities, using electric
fields to hold a single atom within the mode of an optical cavity.

In the device mentioned in this chapter, it has been decided to have the cavity located
directly above a magneto-optical trap (MOT), launching it vertically by detuning the
trapping beams. A precise detuning of the beams enables the tunability of the launch
velocity in the MOT, facilitating precise control of the statistics of the arrival of atoms in
the cavity. The cavity and the MOT are placed inside an UHV chamber, where a dispenser
provides the Rb gas.

Once atoms arrive at the cavity mode, single photons are generated from the system
by applying successive laser pulses to the atom as it interacts with the cavity mode. As it
has been shown in the preceding chapter, the temporal shape and intensity of the laser

pulses greatly affects the characteristics of the produced photons.

3.2 Laser cooling of ’Rb atoms

In order to contain and confine atoms for times that are large enough to interface them
with optical cavities, we first need to reduce their mean velocity. The atoms will be loaded
into a cavity using an atomic fountain, but this requires their cooling. This section explains
the basic principle behind the functioning of a magneto-optical trap (MOT).

In the experiment, atoms are sourced from a Rubidium dispenser, forming a gas within
a UHV vacuum chamber. They are trapped and cooled in a MOT, which uses three pairs of
counter-propagating laser beams and a magnetic field to establish a position and velocity-
dependent force. Due to the fact that the atoms in a gas move in random directions
following a Maxwell-Boltzman probability distribution, the Doppler effect provides a
different imbalance of forces to every atom due to the counter-propagating beams.

Let us consider a single atom moving with a velocity v in the direction +x. Because of

the Doppler shift, the atom will observe an increase in frequency of the light beam that
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Figure 3.1: This figure shows the orientation and detuning of the MOT beams required to
set the atoms moving vertically upwards in an atomic fountain.

it is moving towards, and a decrease in frequency on the beam that it is moving away
from. Atoms moving towards a laser beam (of intensity I, on a transition of linewidth
I" with saturation intensity Is,) will absorb photons. Every absorption event provides a
net momentum kick in the direction of the beam propagation. This results in a scattering

force exerted on the atoms, Fj, given by [110]

r I/1
Fs (A) — ik — / sat

. 3.1
2 1+1 /I +4A2)T2 (31

where A = w —wo+ kv corresponds to the detuning of the laser (with frequency w) from
the atomic resonance (wo), when considering the Doppler shift from the atom motion.
The atom is subjected to a resulting force when moving between two counter-propagating

beams. This slows it down, establishing a velocity-dependent force expressed as [110]

Fmolasses :Fs (w_wo_kv)_Fs (w—w0+kv)

0F; s
~Fs (w—wp)—kv S Fs (w—wo)+kv 50 (3.2)
OF,
~ -2 kv.
ow Y
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Here, we have assumed that the atomic velocities are low, i.e., kv << I". The imbalance
in the forces arising from the Doppler shift constitutes a velocity-dependent force, which
exerts damping on the atom, just like a moving particle in a viscous fluid. This velocity
dependent behaviour gives this configuration the name of optical molasses [111].

In order to trap atoms for their collection in cavities, a velocity dependent force is
not sufficient. In order to add a positionally dependent force, a quadrupole magnetic
field can be created using anti-Helmholtz coils, with its zero-point placed at the centre of
the optical molasses. This magnetic field creates stronger Zeeman splittings for atoms
located far from the molasses centre. As atoms move away from the molasses centre, their
energy levels move closer to resonance, therefore increasing the scattering force. If the
polarisation of the cooling beams is tuned adequately, with the o™ polarisation going
in one direction and the o~ polarisation in the opposite direction, each of the beams
addresses only a set of Zeeman transitions. As a consequence, the force exerted to the

atom is now position-dependent, and given by [[110]]

FMOT:FS‘7+ (w—kv—(wo+P2)) - F7 (w+kv—(wo—B7))

~ —2% (kv+p2),
dw

where Bz is the is the Zeeman shift at a displacement z: 8 = gug (dB/dz) /h.

3.3 The cavities

Three generations of cavities have been used for the experimental realisations presented
in this thesis. Two of them are similar in development and scope, with the long-term
aim of performing quantum networking experiments with them. The other one is a new
prototype, fabricated for the improvement of atom-cavity coupling and the interfacing of

cavities with dipole traps.
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3.3.1 Traditional design

The cavity design has been the most important experimental aspect that has defined each
of the new experimental generations. The two high-finesse cavities under vacuum present
in the photon pistol laboratory (017 of the Clarendon Laboratory) are made from BK7
mirrors fabricated by REO in Boulder, Colorado, with curvature radii of R. =50 mm. The
length of the older cavity is approximately 75 um, made of mirrors with transmissivities
of {T,T»} ~ {0.5,40} ppm, while the length of the newer cavity is approximately of
390 um, made with mirrors of transmissivities {T7,72} ~ {1,40} ppm. The old cavity has
a measured finesse of F ~ 74.7x 10° and a linewidth of Apwhm = 27 X 23 MHz [[100],
while the new cavity’s finesse was measured to be of F ~ 118 x 103 with a linewidth
of Apwnm = 27 X 3.75 MHz[63]. The newer cavity, with its higher finesse, has been
customarily used for the generation of polarised single photons, but it exhibits non-
negligible birefringence effects that affect the polarisation of the photons produced with
it [66]]. Both cavities are made with very similar mirrors, whose losses L; and L, that do
not exceed 2 ppm.

The mirrors from both of these cavities are attached to a non-magnetic stainless steel
mount through MACOR ceramic mounts, themselves glued to Noliac shear piezos that
are used for displacing each of the mirrors. One of the cavities has been designed with an
alignment slot in place. Both mounts have an internal hole to incorporate an eventual

dipole trap and provide additional laser driving access.

3.3.2 Tapered cavity

Some recent light-matter interfaces have resorted to cavities whose cooperativities are
larger, requiring the use of ever smaller cavity mode volumes that can be achieved using
fibre-tip [34] or tapered [35} 36] cavities, where the fabricated mirror facets have a very
small radius of curvature that ensures small mode volumes and high cooperativities. The
next generation of cavities being fabricated in the R&D laboratory (102 of the Clarendon
Laboratory) have been made with such a purpose in mind, as well as their interfacing

with dipole traps for atom loading.
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Figure 3.2: (a) This figure shows a 3D render of the first optical cavity, labeled Cav1 in
Table 3.1l Cav1 and Cav2 are made of mirrors mounted on ceramic MACOR mounts and
Noliac shear piezos, which are glued onto a non-magnetic stainless steel mount. For Cav1,
an alignment slot aids in ensuring the motional axes of the piezos are aligned. Cav1 has
mirrors of transmissivities {T1,7>} = {40, 1} ppm, a length of 75 um, a measured finesse
of approximately 80 10% and a linewidth of Awrwim ~ 27 X 24MHz (Image reproduced
from [99]). (b) A detail of Cav2, with a length of 300 um, a finesse of 150 10° and a
linewidth of Awpwnm = 27 X 3.75MHz. (c) The complete cavity mount after bakeout. The
alignment slot is absent, but a hole within the mount has been added to incorporate an
eventual dipole trap. (Images from (b) and (c) reproduced from [63]) (d) Shows the new,
tapered cavity design, using one of the older mirrors from Cav1 and Cav2 in combination
with a new, tapered mirror with a smaller radius of curvature ablated in the mirror facet
of a pyramidally shaped mirror. (Image (d) provided by Chloe So).

The length of this new cavity is approximately 450 pm, made of two different
mirrors: One super-polished out-coupling mirror similar to the ones in the previous
cavities and a large radius of curvature, and a tapered, pyramidal mirror [35} 36] with
a much smaller radius of curvature of 1.5 mm. The mirrors have transmissivities of

{T1, T} ~ {38.2,1.75} ppm, a measured finesse of F ~ 79.3x 10° and a linewidth of
ApwHm =21 X 4.2 MHZ[@, @]
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3.3.3 Summary

A summary of the most important parameters for this physical system and the three

cavities used is shown in Table[3.1]

Name (Symbol) Cav1 Cav2 Cav3 Units
Length (Lcay) 74 339 450 pm
Radius of Curvature (Rcay) 5 5 5and 0.15 cm
Mirror Diameter (&) 1 15 0.3and 0.1 mm
Mode Waist (wq) 18.4 26.9 12.2 pm
Mode Volume (Vi) 4x10*  3.84x10° 2.10x10° pm?
Linewidth (AwpwhHm) 23.7 3.75 4.2 2m - MHz
Free Spectral Range (Awrsgr) 2.0 0.442 0.330 2n-THz
Transv. Mode Splitting (Awtrans) 35 16.4 15.95 2m-GHz
Finesse (7) 85x10° 118x10°  79.3x10° -
Atom-Cavity Coupling (go) 15 4.8 11 271 - MHz
Cavity Field Decay (k) 12 1.875 2.1 271 - MHz
Atomic Amplitude Decay (y) 3 3 3 271 - MHz
Cooperativity (C) 3.0 2.0 9.6 -

Max. Photon Gen. Efficiency (th..) 0.86 0.80 0.86 -
Photon Extraction Efficiency (17ext)  0.90 0.90 0.50 -

Table 3.1: Summarized cavity and photon-generation parameters. The atomic transition
presumed coupled was |F=1) < |F’=1) on the D, line of 8’Rb. The parameters for this
can be found in [69], while the cavity parameters have been obtained from [36} 52,63, 64
99,[100]]. The extraction efficiency of Cav3 is much lower than that of Cav1 and Cav2 as
it is a proof of principle cavity whose mirrors are equally transmissive, enabling photon
emission through either mirror.

3.4 Lasers and modulators

This section describes all the lasers and modulators present in the optical setup. They are
all laid out independently on an optical table physically separated from the optical cavity
to ensure stability, adding an additional degree of modularity that permits the driving of
two simultaneous experiments. A schematic of the complete laser set-up is shown in Fig.

3.3

38



AN R IS R

Vapor > Lens —= HWP

cell —
EejAOM [ |EOM

= A e
S— - @ 780 nm
Quantel
EYLSA
" ﬁ@ ® Toptica DL Pro
A —
Fabry ? % @785 nm
Pérot
er@" %—nﬁﬂ MOT middle

Wavelength meter % >ﬁ@ MOT lower
% )ﬁ@ MOT upper

Figure 3.3: Schematic showing the laser set-up used for laser cooling of 8’ Rbatoms. The
cooling laser (upper, Quantel EYLSA 780 fibre laser) drives all of the transitions from the
F =1 ground state, with an EOM providing sidebands for continuous repumping from
the F =2 levels. Said cooling laser is locked using a Rubidium vapour cell for pump-
probe absorption spectroscopy, and its wavelength is measured using a wavelength meter
(HighFinesse WS-7). Its beam paths are then split and modified using three double-pass
AOMs, which enable the independent tuning of the frequency used for the MOT beams.
These beams are then coupled into an optical fibre and sent to another optical table, where
they are arranged in the configuration shown in Fig.

3.4.1 Laser cooling

For cooling 8’Rb, we can use the levels |F =2) — |F’ = 3) from the D, line. Since the only
decay channel of |F’ =3) is back to |F = 2), a cycling transition is established. There is,
nevertheless, a probability that atoms will be excited to the |F’ =2) state, from where
the atom may decay to the |F = 1) state that would be too far detuned to interact with
the cooling laser. For this, additional light aids to pump atoms from |F = 1) — |F' =2).
From here, the atom would probabilistically decay to the original state, allowing a restart
of the cooling cycle. In the experimental setup, the additional light is added using an

electro-optical modulator which adds the 6.8 GHz sidebands (the frequency separation
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between |F = 1) and |F =2)) to the cooling light for the adequate repumping of the atoms.

The laser used for the main cooling light is a fibre laser, the Quantel EYLSA, locked
using pump-probe spectroscopy to a 8’Rb vapour cell using a standard Pound-Drever-Hall
technique on a Toptica Photonics Digilock module. The EYLSA laser is locked to the
resonance |F =2) — C3 of Rubidium, where C13 is the crossover point between the levels
|F”=1) and |F’ =3): a spectral feature that appears in the transmission spectrum of
an atomic vapour when the frequency of a pump-probe beam is exactly between two
atomic transitions coupled to the same ground state: The pump and probe beams are
resonant with two different transitions within the same velocity distribution, depopulating
the ground state and leading to an increased vapour transmission. Additional sidebands
around 6.7 GHz are added to the cooling beam using an EOM (iXblue Photline MPZ-LN-10),
locked to the |F = 1) &> C»3 transition. These sidebands provide a continuous repumping
of the laser beam, ensuring the continued operation of the laser cooling process.

All of the laser beams are tapped off from double-passed AOMs, which ensure that
the light addressing the atom and the cavity always has the correct frequency. Three
additional double-pass AOMs are added to the upper, lower and central beams of the
MOT to control their precise frequencies and, in particular, to drive the atomic fountain
described in Section These modulators are driven using homebuilt voltage controlled
oscillator drivers, driven using DAQ cards connected to the computer (ADLINK DAQ-2502),
each one providing 12-bit precision, 10 V outputs, on 8 analogue channels each, updated

at up to 100 kHz.

3.4.2 STIRAP

A Toptica DL Pro tunable diode laser is used for driving the STIRAP transitions from
the atom in the cavity. This laser is offset locked approximately 6.7 GHz away from the
cooling laser, locked around the |F = 1) <> C»3 transition, using a Vescent D2-135 offset
phase lock servo capable of performing offset locks by receiving the signal from a fibreised
beat note detector, the Vescent D2-160. The D2-135 has an in-built VCO that enables
excellent tunability of the laser to other arbitrary frequency points in the D5 line, ensuring

versatility in the system.
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Two additional double-pass AOMs are present in the system: one of them ensures
adequate cavity transmission of STIRAP light, while the other one is used for driving the

atom in the cavity. Additional details on the acousto-optic modulators are provided in

Table[3.21

3.4.3 Frequency comb

As detailed in the previous section, the photon production process is enhanced by locking
the cavity to a wavelength that does not correspond to any resonances in the D, line of
87Rb. In particular, said locking wavelength is 785.66 nm. The cavities can be stabilised 6
modes red-detuned from the cavity resonance that couples the vSTIRAP transition. Since
this wavelength provides no corresponding spectral line for stabilisation, it is possible to

stabilise the cavity using a frequency comb that spans this gap.

Fourier
transform

Figure 3.4: The temporal (left) and spectral (right) profiles of the laser pulses that create the
frequency comb. Identical pulse envelopes equally spaced in time give rise to a frequency
spectrum evenly spaced by the repletion rate, w,. The different propagation velocities of
the envelope and carrier wave result in a phase shift of A in neighbouring pulses. This
gives an overall shift to the frequency spectrum of the carrier envelope offset, wq. This is
image is adapted from the Menlo Systems FC1500-250-WG User Manual (pg.11).

Our frequency comb is the Menlo Systems FC1500-250-WG, which is based on a pulsed
femtosecond fibre laser. In general, the output of a frequency comb can be thought of as a
light pulse which circulates in an optical cavity of length L.,,, emitting a series of pulses
separated by the time that light takes to make a round trip, i.e., tyip = 2Lcay/vg, Where v,
is the group velocity of the pulse. The pulse envelopes are identical, and described by a
periodic function A (1) = A(t—T), where T is the period of the pulse envelope. Under a
Fourier transform, this pulse train converts into a series of peaks, separated by a repetition
rate w, = 1/T, as shown in Fig. where the pulse train is shown as a function of time

and frequency.
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Although the function envelopes are the same, the pulse train has a carrier frequency
w. which leads to differing propagation velocities between the pulse envelope and the
carrier wave, making the electric field output non-periodic. The total electric field output

from the frequency comb is given by
E () =Re(A(t) -exp (—iw,t)),
which under a Fourier transform is written as
E(t) =Re ZAn cexp (—i (wc+nwr)t)) = Re (Z A, -exp(—iw,,t)), (3.4)
n n

Since w, may not be a multiple of w,, we can renumber the sum in Eq. 3.4 by defining
a frequency wg < wy, called the carrier envelope offset (CEO) such that the comb teeth
frequencies are given by

Wy = Wo + AWy,

The phase shift buildup that forms between consecutive pulses is given by the presence
of wo, which leads to an phase shift of Ay, as well as an overall offset of the comb teeth,
2mm - wo = A /tyip.

A frequency comb is stabilised by mixing its output light with a frequency doubled
version of itself. This beat provides a readout of the carrier envelope offset frequency
2w, — w2, = wo, which can be stabilised using a 20 MHz frequency standard, the SRS
FS725. The individual frequency contributions of the frequency comb are split using a
Bragg grating: by combining the frequency comb output with light from the cooling laser
in a Menlo Systems FPD310-FV photodetector, it is possible to lock the spacing of the
comb teeth to a value around w, ~ 250 MHz.

After the frequency comb has been stabilised in both CEO and comb spacing, it is
possible to use its different frequency components to lock the cavity laser to the frequency

comb, ensuring a proper phase lock between all the different lasers in the system.
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3.4.4 Cavity locking

The Cavity laser is also a Toptica DL Pro laser. As mentioned in the previous subsection,
this laser is offset locked to one of the comb teeth from the frequency comb, significantly
red detuned from the desired V-STIRAP resonance to which the STIRAP laser is locked.
This laser has been tuned to be resonant with the cavity but very far detuned from the
D, line resonances, approximately locked around 785.6 nm. This is done with the aim of
providing a constant lock to the cavity while not affecting any atomic dynamics. Indeed,
there are two Semrock bandpass filters that eliminate all the cavity locking light output
while allowing the transmission of the emitted single photons, around 780.2 nm. The dark
count rates on the single-photon detectors due to the locking light are negligible, on the

order of mHz.
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3.4.5 Summary of lasers and modulators

Laser Modulators A f=w/2n Details

Cooling 780.246 nm 384.228 THz Locked to |F =2) — Cy3.
AOM Upper -(120-200) MHz  Crystal technology 3080-120
AOM Lower
AOM Central
EOM +6.7 GHz Sidebands at |F = 1) — Cy3.

iXblue Photline MPZ-LN-10

STIRAP 780.232 nm 384.235 THz Offset locked 6.7 GHz away from
the Cooling laser. (|[F =1) — Ci3.)

VCO tunable for versatility.
AOM cavity -(120-200) MHz  Crystal technology 3080-120
AOM drive

Comb 1050 - 2100 nm  CEO 20 MHz CEO (fo = wo/2n), is locked to a
frequency reference.
RR ~250 MHz RR (f = w,/2n) is fixed by locking

a comb tooth to the cooling laser.

Cavity 785.656 nm 381.582 THz Offset locked to a tooth of the
frequency comb.

Far detuned from the D5 line.
AOM -(120-200) MHz  Crystal technology 3080-120
EOM PDH +5-25 MHz iXblue Photline NIR-MPX800

Table 3.2: Summary of the lasers, modulators and frequencies used by all the devices in
the experiment.

3.5 Atomic Fountain

In the two vacuum chambers in the pistol lab, the loading of the atoms happens by using
an atomic fountain. In either chamber, the cavity is located 9 mm and 10 mm above the
MOT. Here, the magnetic fields are switched off and the atomic cloud is held in a moving
molasses. Then, the frequency of the upper and lower beams is detuned relative to the

central beam, giving the atomic cloud a velocity of

v=V21Af, (3.5)
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where A is the wavelength of the laser and Af is the relative frequency difference between
the upper and lower beams, which is fixed but can be chosen between 0.5 and 1.5 MHz.
The atoms are then set in a moving rest frame, and their interaction time with the cavity
mode is fint = 24/2d/ g, which would be of approximately 4 ms for a 40 um mode.

As atoms in the MOT and in the atomic fountain have nonzero velocities when
launched, the real interaction time between between an atom and the cavity is smaller
than the ideal passing time of 100 us. As the sequence to produce a single photon takes
about 1 us, every passing atom has approximately 100 opportunities to produce a single
photon. The atom-cavity interaction durations will be explored in more detail when the

single-photon source statistics are analysed.

3.6 Experimental sequence

An experimental sequence for photon production follows a precisely timed sequence. First,
atoms are able to gather in a MOT for a loading time of up to one second. After this,
they are launched vertically by detuning the lower and upper MOT beams and turning
the MOT magnetic field off. After the launch, a continuous sequence of pulses with Rabi
frequency Q(¢) is sent perpendicular to the cavity axis. This enables the generation of
STIRAP processes for the production of a single photon in each of the pulses. There are
small differences in the driving of the atom-cavity system between the production of

polarised and unpolarised photons, which will be detailed in the next subsections:

3.6.1 Unpolarised photon generation

For the generation of unpolarised photons, the atomic levels chosen for the vSTIRAP
driving are the |u) = |5251/2,F = 1> and |g) = |5251/2,F = 2> ground states of the D; line
of 8’Rb. They are coupled in a A-scheme to the excited state |e) = |52P3/2,F’ = 1> with a
driving laser of Rabi frequency €(¢). The cavity decay rates and coupling strengths follow
the column Cav1 of Table 3.1 An acousto-optic modulator is used for changing the Rabi
frequency Q (¢), enabling the generation of photons with arbitrary wave packets.

Unpolarised photons are emitted at a repetition rate of IMHz, with a portion of the
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cycle (approximately 400 ns) used to produce a single photon. The remaining time of
the cycle, 600 ns, is used for the optical pumping of the atom to the state |u), which
enables the cycle to be restarted. With atoms being present in the cavity for about 100
microseconds, there are approximately 100 opportunities at generating a single photon
per atom used. In reality, the number of single-photon events recorded does not exceed 20

counts per atom, with approximately 10 atoms passing by the cavity in each MOT throw.

3.6.2 Polarised photon generation

While atoms are launched from the atomic fountain, the magnetic field used to lift the
hyperfine level degeneracy is activated. Atoms take approximately 60 us to interact with
the cavity, and the magnetic field is activated approximately 3 ms before any atoms reach
the cavity. Since the atoms are generally left in the |F =2) state by the MOT, a short
(100 ns) depumping pulse is used to bring any atoms that may have decayed to this state
back into the |F = 1) manifold.

Polarised photons can be emitted in rates of up to 1.5MHz, with a production cycle
lasting up to 664 ns. Unlike the unpolarised cycle, the polarised photon cycle alternates
the choice of the magnetic sublevels |g) = |F = 1,mp=1) and |u) = |F =1,mp =—-1) as
ground states by changing the detuning of the driving pulse with Rabi frequency Q ().

The excited state is the level |e) = |F' = 1,mp =0).

3.7 Single-photon detection

3.7.1 Avalanche photodiodes

Originally, the devices used for the detection of photons were single-photon counting
modules (SPCMs), containing avalanche photodiodes with a quantum efficiency of 60-65%
and a resolution of < 300 ps (Excelitas SPCM-AQRH-780-14-FC). These devices have dead
times of 22 ns and large dark count rates on the order of 60 Hz, leading to unexpected
noise and unwanted correlations. The small dead times of these detectors and large

time durations of the photon wave packets enables the time-resolved detection of single
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photons, which will be explored in the next chapter.

3.7.2 Superconducting nanowires

As a consequence, experiments involving the polarised single-photon source (some
examples of these can be found in Refs. [27,[37, 66]) have used eight superconducting
nanowire single-photon detectors (SNSPDs) fabricated by Photon Spot (NW1FC780),
embedded within a single cryostat. These devices have better time resolutions, of
approximately 81 ps. On average, each of the detectors has a detection efficiency averaging
80%, including those losses generated by fibre coupling. Unlike the avalanche photodiodes,
the dark count rates of the SNSPDs are extremely low, not exceeding the 20 mHz, while

their dead times is typically of 50 ns.

3.7.3 Photon counting logic and data recording

The detected photons are counted with an 81 ps accuracy using a qutools quTAU Time to
Digital Converter (TDC). This device enables a precise recording of events that enables to
understand the time-resolved properties of single photons, as well as their correlations
across detectors.

Every photon detection records four parameters:

1. The channel that recorded the detection

2. The time that has elapsed between the start of Q (¢), called fstirap-

3. The time that has elapsed since the MOT was launched vertically, tmor.

4. The pulse number, n,yjse.

3.8 Experimental control

The operation of the whole experimental system requires the synchronisation of
modulators (AOMs and EOMs, for controlling beam intensity in the experiment), magnetic

field coils, voltage controlled oscillators, single-photon detectors and time-to-digital
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converters. This task is realised using a custom Python interface that controls three
synchronised DAQ cards (ADLINK DAQ-2502), each one providing 12-bit precision, 10 V
outputs, on 8 analogue channels each, updated at up to 100 kHz. Additionally, an Arbitrary
Waveform Generator (Tabor WX1284C) is used for the writing and driving of pulses in the
acousto-optic and electro-optic modulators, essential for the shaping of the amplitude
of the driving pulses in the cavity. Its operation and activation is also controlled by the

software, which sends an AWG trigger signal.

3.9 Data processing

The data recorded by the single-photon detectors is processed to understand the properties
of the single-photon source. This data contains a significant amount of noise coming from
detector dark counts and other stray photons, which need to be corrected for. This section

accounts the procedures that are performed in the raw data:

3.9.1 Separation of data into signal and noise

It is possible to aggregate the experimental data introduced in section[3.7.3]in different
ways, one of which is to perform a histogram of the data following the recording of the
tsTirap data. This exhibits three important features on the experimental data: the first are
the dark counts on the single-photon detectors, which can reveal photon counts even when
there is no light expected. The second is the repumping cycle, which can be identified as
a square function after the photon detection. The last feature is the shape of the photon

wavepacket. We fit the following function to the raw data in each detector, grouped by :

b Sin2 ”nhumps(t_Pl)
pP2—pi

) for p1 <t<p>

g(t)=a+ (3.6)

c for p3 <t <py

Here, p; and p; encompass the times for photon arrivals, while p3 and p4 correspond to
times when the repumping is triggered. The time between p; and p3 is used to obtain the

dark count rates of the single-photon counting modules. This fitting is shown in Fig.
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Figure 3.5: (a) Shows one particular curve fit of the photon shape and the repumping
following Eq. The photon duration begins in p; and ends in p>. (b) Shows a histogram
of the total number of photon detections in each of the pulse durations. This allows us to
distinguish the distributions from the photon counts, Np, and those from the background
counts, Np. This is typical data collected by O. Barter [64] using the non-polarised single-
photon source. Although the background counts look larger in (b), this is a consequence
of grouping signal and noise according to either the time elapsed since the last STIRAP
pulse or the time elapsed since the MOT launch.

(a).

3.9.2 Correlation corrections

Additional corrections in the background must be made for those cases where correlations
are examined. This can be done by investigating the distribution of all detection events as
a function of the pulse number, npyise. A typical MOT time distribution is found in Fig.
(b), showing the profile of an average atom transiting the cavity. The background level
provided by the detector counts is evident as counts persist even when there are no atoms
are in the cavity.

The window in which we consider it possible for atoms to be present in the cavity —
and so the data that must be filtered for correlations — is shown in the unshaded area
of Fig. (b). From this histogram it is possible to extract two distributions for every

detector X, describing the detection events due to photons emitted from atoms, nI(DX)(t),
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Figure 3.6: Background corrections.  The figure shows typical contributions
for the four components of the background elimination, M]g(]’;)(D)(T),MI(BIC,)(D)(T),

Mlgg)(D)(T) and Mlgg)(D)(T), as would be extracted from a data histogram such as that in
Fig. Due to the different dark count rates in each of the single-photon detectors, the
BP and PB contributions are asymmetric.

and true background detections uncorrelated to atoms, nl(ax)(t). These can be defined as

Tmot
X X
zﬁgzl n$) (1), (3.7)

Here, Tmor is defined as the total MOT time recorded for each throw. In the case of the
experimental data shown in the picture, the 25000 pulses, each 1 us, long, yield a value of
TmoTt = 25 ms.

When considering the correlations between two detectors, which could either be
avalanche photodiodes or superconducting nanowire detectors, both introduced in Section
3.7 it is necessary to consider the different correlation contributions between all the

pairwise combinations of distributions. Across two detectors A and B, for a delay of 7,

these are Nég)(B)(T), Néé)(B)(T), N,(,g)(B)(T) and ngﬁ)(B)(T), where

A)(B fvor 4 B
N >(T):/ n® (0 (t+7)dt
0

= (0 ™) (),

(3.8)

and i,j € {B, P}. The total background corresponds to the summation of all contributions

A)(B A)(B A)(B A)(B A)(B
NP (1) = NG P (0) + NP (1) + NG P (1) + NG P (1), (39)

which are shown in Fig.
One important question can arise from this. It may seem counterintuitive to eliminate

any photon-photon correlations from the data, as this is precisely a signal of interest.
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(A)(B)

pp(7) does not represent two-photon correlations from the

However, the term N
emission of a single atom, but rather, from the emissions of two different atoms that
happened to be loaded at the same tstjrap time. By contrast, any of the two-photon
correlations intended to identify quantum effects happen only in small times, and are
examined by looking at the second-order correlation function of the source, a topic that
will be examined in the next section. We presume and require only one atom to be coupled

to the cavity for our single-photon production and so these two-atom events comprise a

background to the cases in which we performed our desired experiment.

3.10 Performance of the single-photon source

After having examined how to experimentally record the measurements of light produced
with atom-cavity systems, this section examines one part of the performance of the single-
photon source: its performance as a single-photon source, which can be determined by a

set of metrics regarding the temporal arrival of several single photons.

3.10.1 HBT measurements and source singleness

One of the most important ideas for characterizing a single photon as such is to use
the correlations in the detection statistics of two distant detectors, an experimental
arrangement called a Hanbury-Brown and Twiss (HBT) measurement. This measurement
was born from the field of astronomy, where it was used for characterizing the properties
of the light emitted by distant stars [112]].

HBT measurements acquired relevance in experimental quantum optics from 1977,
when the group of L. Mandel [[113] observed the statistics of resonance fluorescence in
a sodium atom, obtaining the first measurement of photon antibunching and the first
experimental realization of a single-photon state [114], jointly with the group of A. Aspect
[115].

Consider two beams of light arriving into two detectors after a beam splitter, labeled

I and I,. It is possible to define the second-order correlation function of a light source as
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[116]
(I () L (t+71))
(L (D)) (t+71))

The fields leading to this second order correlation function can be quantized, leading to a

g? ()= (3.10)

rewriting of the g(® function with the probability of single-photon detections in detectors
1and 2, P12 (1), and the probability of joint single-photon detections in detectors 1 and

2,P12(T): ( )
P12 T
Py (t) Pra(t+71)

g? (1) = (3.11)

Ideally, a single-photon source impinging on a 50:50 beam splitter yields g(® (0) = 0. As
single photons cannot take two beam splitter paths, any single photon impinging on
a beam splitter must go to either detector. Fig. shows the total correlations of a
single-photon stream after a beam splitter across two detectors, which have a central dip
due to this phenomenon. Nevertheless, experimental errors sometimes lead to remnants
of multiple photon emission, explaining why the central dip in the g function does not
go to zero. The inset in Fig. [3.7shows the correlations corresponding to photons emitted

within a few driving pulses of each other.

3.10.2 Single-photon routing
3.10.2.1 Unpolarised photons

After being generated by driving the hyperfine levels of the atom, emitted photons on the
unpolarised scheme impinge on a polarising beam splitter (PBS), which randomly routes
them into into two optical paths, as shown in Fig. As the photons are emitted with
random polarisations, each of the photons has a 50% probability of being output on either
beam splitter port. If one of the output ports is connected to a fibre loop with its optical
path length equal to the duty cycle of production of a single photon (300 m, for a 1 us
delay), there is a 25% probability of obtaining two photons simultaneously arriving at the
input ports of a beam splitter. A half wave plate (HWP) can be used to set the relative

polarisation of both photons.
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3.10.2.2 Polarised photons

Polarised photons, alternating in polarisations o and o=, are converted into linear
polarisations H and V after using a quarter wave plate. After this, a polarising beam
splitter transmits photons with H polarisation to one output path, and reflects photons
with V polarisation to another path. As a V-polarised photon is always emitted after a H-
polarised photon, one of the paths is combined with an optical fibre delay that has a path
length difference equal to the duty cycle of the photon production process. This ensures
that both photon wavefronts are equal, something that is essential for the interference of

two photons at the input ports of a beam splitter. A diagram describing this process is

shown in Fig.

3.10.3 Normalisation

Due to experimental errors in detectors such as losses and dead times, it is not possible
to identify directly how many individual photon-pair experiments were performed by
counting the number of detection events measured in one detector. To overcome this, it is
possible to identify that the number of events happening simultaneously is related to the

number of events happening separated by two duty cycles, following the relation [64]

nL

No/Np= ————
o/ N2 1+27]L+77%

~1/4, (3.12)
where 17, is the probability of photon transmission in the long fibre delay.

3.10.3.1 polarisation control

Finally, we examine the production efficiency of each of the polarisations in the polarised
photon scheme. In this case, the emitted photons, with a circular polarisation, are sent
into a wave plate to maximise the routing into different detection arms. The detection
statistics of o and o~ photons are similar, implying that a routing of two photons indeed
occurs, increasing the probability of two-photon events. The histogram in Fig. [3.10|does

not show the conditioning of emission, which would demonstrate that the probability of
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emitting a o+ photon after a o~ photon is much higher than the opposite case, something
that has been amply studied in the past [37,54]. Moreover, the cavity is birefringent and
the frequency sustained by the cavity for each polarisation is different. As a consequence,
the emitted photon polarisation evolves over time [[66]], inevitably enforcing an imperfect
routing of alternately polarised photons. This, added with an imperfect polarisation

preparation, explains why some of photon detections inevitably happen on even pulses.

3.10.3.2 Distinguishability

Single-photon sources can also be characterised based on the distinguishability of the
photons they emit. For this, we require the interference of two single photons that arrive
at the input ports of a beam splitter. We have already explained how to make two photons
emitted from the same source arrive at the input ports of a BS, but given that a discussion
about photon distinguishability requires the understanding of two-photon interference,

its discussion is relegated to Chapter[4]

3.11 Conclusions

In this chapter we have discussed the most important experimental aspects used for
generating single photons using atoms of 8’Rb loaded through an atomic fountain to
high-finesse cavities. The development of the source touches on many different aspects
and milestones of atomic and laser physics: the development of laser cooling and atomic
fountains for atom loading, the fabrication of high-finesse cavities, the usage of frequency
combs as references for laser stabilisation, as well as the control and characterisation of
single-photon sources using Hanbury-Brown and Twiss measurements. All of these topics
enabled the development of a complex experimental device with an excellent degree of
controllability. Indeed, this source can produce single photons with controllable wave
packets of long duration. The next chapter discusses how such a source can be used to

understand, characterise and control the process of two-photon interference.
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Figure 3.7: Uncorrected Hanbury Brown-Twiss second order correlation function, g(® for
the polarised and unpolarised sources. The correlations in a Hanbury Brown-Twiss set-up
are aggregated in a histogram according to the detection pulse number difference. For
(a), the unpolarised source, each of the driving pulses plus its repumping is 1000 ns long.
For (b) the driving pulse is 664 ns, without a repumping time. The missing central peak
in both figures is a symbol of the low probability for generating two photons within the
same driving pulse, ensuring the singleness of the photon source. The inset in (b) shows a
sliding histogram of the central £10 detection pulse differences. The source for this data
was taken from [63}64]. The polarised source shows a bunching behaviour which is more
peaked around Anpyse = £1, while decaying rapidly. This is potentially due to the fact
that the production of streams of more than two photons become harder to produce due
to the apparition of nonlinear Zeeman effects, ensuring that the single atoms generally
emit only pairs of photons at a time before losing the atomic coherence and thus the
correlations with further photons.
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Figure 3.8: The routing of a stream of photons with random polarisations is probabilistic,
with a 25% probability of two photons arriving at the input ports of a PBS. After the PBS,
both photons are polarised, and their polarisations can be made to coincide by using a
HWP. A fibre delay line is used to ensure that the early-emitted photon is able to arrive at
the same time as the late-emitted photon.
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Figure 3.9: This figure shows the deterministic routing of a stream of polarised o™
and o~ photons. A quarter-wave plate transforms these photons to the linear H and
V polarisations. Using a PBS, both photons can be routed into different optical paths,
one of which has an additional optical fibre delay line with an optical path time equal to
the duty cycle of photon production. Wit this, it is possible to make two photons arrive
simultaneously at the input ports of a beam splitter, something necessary for two-photon
interference. This figure is taken from [63].
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Figure 3.10: Photon wave packets sorted by pulse parity and polarisation. A sliding
histogram with a bin width of 10 ns and a pitch of 2.5 ns is used. The photons of orthogonal
polarisations are routed using wave plates, and a fibre delay of 134 m is used to delay
photons of o~ polarisation. The alternating polarisations of the emitted photons ensure
that up to 86% of all detections are recorded in even pulse windows. The source for this
data is [63]).
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"Quantum mechanics is very formidable. But an inner voice tells me that this is not
yet the true Jacob. The theory provides a lot, but it hardly brings us any closer to the

mystery of the old one. In any case, I’'m convinced that He doesn’t play dice."

— Albert Einstein, 1926, Letter to Max Born

How to administer an antidote to

Schrodinger’s cat

The work presented in this chapter is adapted from the publication “How to administer an

antidote to Schrédinger’s cat’, published in J. Phys. B 55, 054001 (2022) [79]].

4.1 Introduction

One of the most intriguing principles of quantum mechanics is that of superposition, which
states that a quantum system, before being measured, can be interpreted to be in two
simultaneous states at once. In his 1935 Gedankenexperiment [[117], Erwin Schrodinger
illustrated the paradoxical nature of superposition by depicting a cat in a box whose state

(dead or alive) is entangled with a vicious device releasing a poisonous substance upon
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Figure 4.1: Depiction of Schrodinger’s cat Gedankenexperiment. A cat is trapped in a
box with a vicious device that releases a poisonous substance upon a radioactive decay
with a probability of 50%. According to Schrodinger’s analogy, it is only possible to know
the state of the cat upon opening the box, something certainly not true for a macroscopic
system like a cat.

a 50% probable radioactive decay, as shown in Fig. Only upon opening the box for
the first time, it is possible to determine the state of the combined system of the cat
and the radioactive device, which will thereafter remain unchanged. Given the quantum
superposition of both states of the cat, we can only expect it to be alive after half of the
measurements.

The randomness of outcomes in quantum measurements distinguishes them
fundamentally from classical measurements. The process of measurement in quantum
mechanics has been central in theoretical physics, where the appearance of sharp
measurement outcomes induces apparent contradictions on the predictions of quantum
mechanics [118].

Since quantum measurements can be performed on the whole of a quantum system
or on parts of it, this begs the question: can a partial measurement of a quantum system
provide information to coerce the remainder of the system to collapse into a desired state?

Whether the system is macroscopic or not, feedback loops could be used and
implemented to steer their states to a desired outcome: In the example of Schrodinger’s
cat, this can be translated to observing whether or not the poison has been released, as
this normally determines the state of the cat. Given enough time between poisoning
the cat and its actual death, performing such a partial measurement would provide the
opportunity to administer an otherwise deadly antidote to a poisoned cat, such that it is
always found alive. Such an approach would normally be implemented in the form of a

feedback loop, by which a device obtains information about the trajectory of a physical
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system in order to modify it in real time [119, [120]].

In quantum systems, feedback can be of two types: the first, measurement-based,
occurs when a measurement outcome is re-directed to the original system. The second,
coherent quantum feedback, involves no measurements but provides control using a
coherent interaction with an auxiliary quantum system.

Both feedback types exist in a range of applications: the generation of amplitude
squeezed states in a semiconductor laser [121] , the improvement of single-shot phase
measurements in quantum metrology [[122]], the stabilisation of a combined atom-cavity
quantum state [123]], and the preparation and stabilisation of Fock states in a high-Q
microwave cavity with weak measurements [124]].

In the previous chapter, we have examined the figures of merit relative to the singleness
of a single-photon source. This chapter will examine how the interference of two photons,
in particular the Hong-Ou-Mandel effect, is used to measure the interference of photon
pairs incident on the input ports of a 50:50 beam splitter. The results of two-photon
interference experiments provide valuable insights about the coherence of the generated
photons. Moreover, the long coherence lengths of the photons used allow us to use a
feedback protocol to deliver a photonic state with a desired property: that of always
exiting through the same output port of a beam splitter.

The usage of an atomic source combined with vSTIRAP produces photons with
coherence times significantly longer than the time it takes for a signal to travel from the
detector to the source. As a consequence, the time span between the first and second
photon detection is long enough for a phase change to be applied on the second photon,
still under production. The feedback enables the alternation between a bosonic and a
fermionic-like interference in photons that controls the routing of a single photon as
desired.

This chapter is structured as follows: In section[4.2] we explain the theory behind the
interference of two photons arriving on the two input ports of a beam splitter. This opens
the door to the explanation of the feedback experiment introduced here, which is done in
section Finally, we present the experimental results from this experiment and examine

some of its physical consequences in section 4.6
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4.2 Theory of two-photon interference

As mentioned in the previous chapter, we will now examine the theory of two-photon
interference, used for characterizing the quantum nature of a single-photon source using
the interference of two photons emitted by it, arriving at the two input ports of a beam
splitter.

The phenomenon of two-photon interference was originally demonstrated in 1987
[125], when two indistinguishable photons entered a 50:50 beam splitter and bunched,
only leaving the beam splitter through the same output port. This is studied in detail in
subsection After this, subsection explains the role of two-photon interference
when the duration of the photons emitted by a single-photon source is much larger than

the resolution of the detectors.

4.2.1 Hong-Ou-Mandel (HOM) effect

If, as shown in Fig. the two input modes of a 50:50 beam splitter, labeled A and
B, are split evenly across its two output modes, labeled C and D, the creation and
annihilation operators for single photons in the input and output modes of the beam
splitter are connected via a unitary operation that maps them. The mathematical form of

this operation is

.1 N N
4l :—(5T+d“*), b*:—(@*—d'). 4.1)
2 2
A c
BS
B D

Figure 4.2: This figure summarises the arrangement of input and output modes for a
Hong-Ou-Mandel interference setup.

If two single photons are sent simultaneously through the input ports of a beam splitter,

two of the output states interfere in such a way that both photons bunch, i.e., they leave
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through the same beam splitter output port:

[Wour) = a"b" |0)
=5¢ +d&*)( -4
_ %( T — (d“*)z) 10) (4.2)
= (12¢0p) —=10c2p)) - (4.3)

For Hong-Ou-Mandel interference to happen, both photons must be absolutely
indistinguishable between each other, enabling the destructive interference of the
intermediate terms. One way of introducing this distinguishability is to change the
arrival time of one of the photons. When both photons arrive at the same time, the joint
detection probability in detectors C and D is zero, only increasing as the arrival time
increases [125]]. This is customarily known as the Hong-Ou-Mandel dip, and it provides
a way of quantifying the distinguishability between two photons emitted by the same
source, in a similar way to how the g‘® function quantifies the singleness of photons
emitted by a source.

A possible way of exploring the indistinguishability of photons which have not been
emitted sequentially would be to circulate the output of a single-photon source through a
ring resonator[[126]]: a ring resonator can be interpreted to be a set of multiple delay lines
which could be used for interfering several photons separated spatially by the length of

the resonator. This has not been examined further in this work.

4.2.2 Time-resolved two-photon interference

The effect examined above is not temporally resolved, as the measurement of Hong-Ou-
Mandel dips reports the number of coincidence counts in a given coincidence time window
that is larger than the temporal extent of a single photon. Nevertheless, the previous
chapter has illustrated that single photon arrival times from our source occur on the order
of several hundreds of nanoseconds, while single-photon detectors have resolutions on

the order of picoseconds.
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As a consequence, it is useful to describe the phenomena of two-photon interference
considering the temporal extent of the photon. This treatment follows closely the results
presented in [[76, [77].

The temporal dependence of the electric field operator at the detectors can be written

as the sum of spatio-temporal functions in distinct modes k, ¢ (1) = € (¢) exp (—igy (1)):
EX(t)=) 4k, E-() =) G0k, (4.4)
k k

where € (1) corresponds to the photon amplitude in mode k and ¢ (¢) to its phase. Here,
k and k7 are the annihilation and creation operator of single photons in the temporal
mode k. Under this formalism, the probability of measuring a photon in mode & at a time

t is given by
Pi1) = (LI E-(E* (1) [Le) = |E* () KT O] = [ex (1) 2. (4.5)

Let us now consider two photons arriving simultaneously at the input ports A and
B of a beam splitter (BS), as illustrated in Fig. In a similar way to Eq. the joint
probability of both photons arriving at times 7y and 7o+ 7 at detectors placed at outputs C
and D of the BS, respectively, can be written as [[77,[127]]
2

Pioint (0,7) = |E}, (t0+7) Ef (1) @57 |0) (4.6)

where " and b' correspond to the creation operators of a photon in the ports A and B,
and Eé and E}—B are the electric field operators at the output ports of the beam splitter. In
this context, T can be positive or negative, and 7 < 0 corresponds to the detector in port
D clicking before that in port C.

We emphasise that 7 is a detection time difference giving rise to a time-resolved
Hong-Ou-Mandel (HOM) signal [77,[127] , and must not be confused with the photon
arrival time difference (At) used in many other HOM experiments [125]. Here, we are
only interested in the case for which the two photon wave packets arrive simultaneously

(At =0).
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Since the detection of a photon can occur at any given time, it is possible to calculate
the joint detection probability as a function of the delay between each photon arrival,

disregarding the absolute detection times:

Pjoint (1) = / dtOPjoint (t0, 7). (4.7)

For two linearly polarised photons with a relative polarisation angle 6, Eq. [4.6|can be

written as [77]]

Pioint (10,7) = P}S’rﬁ) (t0,7) —cos® 0 F (ty, ), (4.8)
where
1
PR (10,7) = 7 (lea (10) € (10 + D)+ e (to+7) e (10) ) (4.9)
and
Ft.7) = A (to) e (to+ 1) €a (to+7) €5 (to)

2
cos (¢a (t0) —pa (to+7) +¢p (to+7) —dp(t9)). (4.10)

When both input photons have orthogonal polarisations (6 = 7/2), Pjoint (T) can be

written as the convolution of their spatio-temporal squared amplitudes,
1
Piant (1) = 3 (leal sl (7). (@11)

rendering the choice of ¢4 and ¢p irrelevant. This is in sharp contrast to the case for which
both input photons have parallel polarisations (6 = 0). The expected behaviour of Pjgin; (7)
for the particular case of two photons of perpendicular polarisation with temporal shape
€ (1) = sin® (2711/61), is shown as a solid, dark curve in Fig. a) for 6t =400 ns. The
three peaks that are shown in Fig.[4.8(a) correspond to the detection of coincidences in
detectors C and D delayed by varying time differences T € [-400,400] ns.

We subdivide the overall duration of the photons into two distinct intervals (bins) of
equal length labeled I (early) and I, (late). Additionally, let us assume that, for the photon

arriving through A, ¢4 (¢) = 0 for all times, and that, for the photon arriving through B,
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Figure 4.3: Theoretical curves for Pjuint(7) for the cases of orthogonal polarisation (a),
identical photons (¢ = 0,b), ¢ = 7 (c) and Feedback (d).

¢p(t) =0 fort € I}, and ¢p (1) = ¢ for t € I,. In the Schrodinger picture, the temporal

evolution is gathered in the quantum states [77] and the state entering the BS is given by

ol

where &j: and Ej correspond to the photon creation operators in ports A and B in the time

1 e
W) = 5 (a]+a}) (] +e5]) 10), (4.12)

intervals I, with j € {1,2}, and |0) is the vacuum state in the basis of all the temporal
and beam splitter input paths: |0) =]0410420510p2). For the cases ¢ =0 and ¢ = 7, the
theoretical predictions of Pjint (7) are shown as dashed curves in Figs. b) and (c). For
the case of Fig. [4.3(b), both input photons are identical and feature photon bunching
in the output detectors. For this reason, the expected behaviour would not include any
coincidences between detectors C and D. In contrast, in Fig. [4.3(c) the photon entering
through port B acquired a m-phase change from I; to I;. This is the only difference
between the two photons. Therefore, if both photons are detected during either I; or I,
the photons are indistinguishable and no correlations are found with 7 = 0. However, if the
photons are detected in different intervals, the change in phase drives them to different
outputs, resulting in a coincidence probability that is twice as large as the orthogonal
polarisation case for 7 = £200 ns.

Figs. [4.3(b) and (c) exhibit a form that corresponds to a different type of interference
between the two photons depending on the value of ¢. Bosonic (¢ = 0) and fermionic
interference (¢ = 7) is found with photons either bunching in the same outputs or avoiding
each other’s outputs and giving rise to coincidences. To see this, consider the following

argument, using the Schrodinger picture: the operators after the beam splitter in the
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output channels C and D in I; are linked to those before it by the standard unitary relation

d;,@; = (5; idjf) /V2. Therefore, after the beam splitter, Eq. [4.12| results in:

+(e?+1) (cﬁé; - d”*cﬁ) +(e’-1) (cjd“‘ - cﬁdﬁ)) 0). (4.13)

Here, |6> is the vacuum state in the basis of all the output ports and temporal modes:
|6> =10¢10c20p10p2). The first four terms account for both photons arriving at the same
detector in the same time bin. These terms lead to the standard boson bunching reported
in the standard HOM effect mentioned in the previous subsection.

The last four terms correspond to cross-correlations between detectors and/or time
bins. Unless the single-photon detectors are number resolving, it is not possible to measure
outcomes where both detections occur at the same detector in the same time interval,
which correspond in operator form to those terms of the form Cj.-CZ.L and d;d;, where
i € {1,2}. These terms correspond to the canonical HOM effect, where both photons arrive
at the same detector on the same time interval. Restricted to arrivals in different intervals,
it is possible to eliminate these terms and rearrange the output state. As a consequence,

the observable sub-state from Eq. becomes

o) =~ (61 (1) e 2= 1) )

+d] (€ =1) &)= (e +1)d}) ) o). (4.19)
In this sub-state, the phase appears explicitly. By setting ¢ =0, Eq. reads

~ (e 1 ~
[@00) = 5 (¢7¢3-did3) (o). (4.15)

This state again leads to the canonical HOM effect, yet across the time bins this time.

Therefore, both photons arrive at the same detector, but in separate time intervals. In this
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sense, photons behave as bosons in the detector mode, despite arriving at separate time
intervals.

In contrast, setting ¢ = &, Eq. now gives

out

@) = Lz (é1d3 - diés) o). (4.16)

which is strikingly different to Eq. The photons arrive to different detectors, and in
this sense one can assign a fermionic behaviour to them. However, as for Eq. the
photons arrive at different time intervals.

Switching between the bosonic and fermionic behaviour by choosing ¢ allows one to
put the system into a pre-defined quantum state conditioned on the random outcome of
the first measurement. This is implemented in the form of a feedback mechanism, where
a photon detection at either detector in I reveals the required change of ¢ to steer the
remaining photon in I, to a specific detector. For instance, if detector D clicks in I, the
second detection would normally occur in detector D, due to the canonical HOM effect.
However, as the second halves of the photons have not reached the input ports at the
moment of detection, we can use a detector click to change the phase between I; and I,
for one of the incoming photons at the time that defines the intervals. As a consequence,
we can change the port in which the second detection occurs. By choosing ¢ = m and
projecting the output state in Eq. onto the measured state |Oci1p;) = dAJlr |0c10p1)
(involving only the first time bin, since the second one has not yet occurred), the state
reduces to

<OC10D1 d

out

= (¢=rt L
Lo )>:6c;|0020m>. (4.17)

This state clearly shows that, when a measurement occurs in I, any click will be recorded
in detector C. Analogously, if detector C clicks in I} and ¢ =0 is chosen, both photons
are identical in their two halves and any detection in I, will always occur at detector C.

This reduces the quantum state to
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Figure 4.4: Theoretical curves for Psyme(7) for the cases of orthogonal polarisation (a),
identical photons (¢ = 0,(b)), ¢ = 7 (c) and Feedback (d). Subfigure (b) shows that, when
photons are identical, all the detections happen in the same detector, albeit possibly in
different time bins.

L
V2

Again, when a measurement occurs in I, any click will be recorded by detector C. Egs.

<0c101)1 |51|‘i’(¢=0)>

out

CAE |0c20p2) . (4.18)

[4.17)and imply that ¢ can be used as a parameter for feedback control, to steer the
remaining photon to a desired output.

Returning to the Heisenberg picture and following Egs. and with a value of
¢ conditional on the measurement of a photon in /1, we observe the expected behaviour of
Pjoint (7), as illustrated in Fig. d). Fig. d) shows increased coincidences with 7 < 0,
for which a detection in D occurs before a detection in C. There are significantly less
coincidences with 7 > 0, as this would correspond to detector C firing first and detector
D second, which cannot occur with an active feedback that always prompts the second
detection in C. Fig.[4.3]shows the subset of probabilities for cross-detector correlations
only. For this reason, the value /Pjoint (7)dt is bounded by 1/2. A prediction of the
theoretical curves for same-detector correlations, given by Psame (7) can be shown in Fig.
Given the different possibilities that can arise from photon routing, the normalisation

for the joint detection probability is given by

/ (Pjoint (1) + Psame (T)) dr=1. (4.19)

With this, knowing the value of Pjuint (7), it is possible to find the value of Psyme (7).
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4.3 Feedback experiment

Using the methods of chapter [3|for the unpolarised source, the atom-cavity system is
initially prepared in |F =2,0). The laser adiabatically drives the system to |F =1,1),
whereupon the photon is emitted from the cavity mode, leaving the system in |F' = 1,0),
decoupled from further evolution.

The driving laser is used to generate double-humped photons, whose phase is controlled
using a separate, fast electro-optic modulator (EOM), that directly maps the phase of
the laser to the emitted photon. The photons have a total duration of 6t =450 ns, evenly
distributed in two intervals of 225 ns. By applying an external voltage, the phase of the
laser can be alternated between 0 and 7 and characterized using a fibreised Mach-Zehnder
interferometer to determine the voltage applied that generates the desired phase shift.

After being emitted from the source, the photons, which have random polarisations,
are randomly routed into the output ports of a PBS, as described in Section In
25% of the occasions, the early-emitted photon is sent through a 300 m fibre, while the
late-emitted photon is sent directly through a shorter fibre of 1.5 m, ensuring that both
wave packets arrive simultaneously at the input ports of a beam splitter. Both photons
emerge polarised after the PBS, and a HWP can be used to control the relative polarisation
of both photons, ranging from parallel to orthogonal polarisations.

The first halves of the two interfering photons span 67.5 m (~ 225 ns), despite the
optical path length between the cavity and the detectors being only 1.5 m or 301.5 m,
depending on whether the photon has taken the direct route to the detector or has been
delayed with an optical fibre. We only restrict ourselves to the cases where we obtain
two photons arriving at the same time at the detector. As a consequence, the photon
going through the short path is always the one emitted later. This means that the first
time interval of the two photon state is already being measured before the second half
of the second photon leaving the cavity (travelling along the shorter path) has been
fully generated. The length of the interfering photons is sufficient for a feedback loop to
alter the phase ¢ of the second half of the photon under production, conditioned on the

measurement outcome within the first time interval (Fig. [4.5])
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4.3.1 Implementation of feedback

The feedback is implemented using a home-built circuit controller and single-photon
counting modules (SPCMs) with a quantum efficiency of 60-65% and a resolution of
< 300 ps (Excelitas SPCM-AQRH-780-14-FC). The total feedback loop latency, from the
EOM via the cavity to the SPCM, then back to the EOM via the controller circuitry is
97.0+0.2 ns. Therefore, a conditioned phase change cannot be realised in time if a photon
detection in I occurs less than 97 ns after a detection in /1. The resulting error rate is
limited to 0.2% for a sin’ () photon amplitude envelope. All photon counts are recorded
with 81ps accuracy using a qutools quTAU time-to-digital converter (TDC). Detections
within the 450 ns photon window are further processed for a dark count correction for
each SPCM. We now turn to a detailed description on the error rates, time budgets and

the implementation of the logical feedback circuit.

4.4 Latency of feedback

To ensure adequate feedback, it is crucial to perform a timely change on the phase ¢,
conditional on detections only in the first time bin. However, not every detection of the
SPCM can be used to change the phase of the photon: the latency between the SPCM
click and the effect of the feedback electronics can affect the production of a proper
photonic state which can be used for feedback. As mentioned before, the photon signal
takes around 75ns to reach the output of the SPCMs from the EOM, during which there
is no possibility of achieving feedback control.

The probability of a correlation (with one detection in each time bin) occurring during

the dead time is given by

1

3 min[#+7,1]6¢
P(7) = / e(t) / e(tp)dr, dry (4.20)
max[%—f,O] ot %

where 7 is the dead time given as a fraction of the total photon length 67, 1, € (0, %) ot and
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Element Time (ns)
Optical Transit Time EOM — Cavity — SPCM 45
SPCM Response 35
Circuit Response 7.0
Signal Rise Time 5.5
Total Cable Delay SPCM — Control - EOM 4.5
| Total | 970 |

Table 4.1: A breakdown of the contributing elements to the feedback delay. The first two
rows are not known absolutely, only their sum was measured. From discussions with the
manufacturer it is believed that the SPCM response (time delay between photon impact
and TTL output) is around 35ns.

€ (%, 1) dt, and & (1) is the normalised intensity envelope of the photons,

&) = %6 sin*(27t/61) (4.21)

The error rate remains extremely small for dead times of up to around a fifth of the
total photon length before increasing rapidly, as shown in Fig. In our experiment, the
control and effecting stages are implemented in 13ns, resulting in a total latency for the
feedback of 97ns, corresponding to an expected error rate of 0.2%. Table [4.1] details the

latency breakdown.

4.5 Fast electronics

The task of the feedback controller is to decide whether or not a phase should be applied
to the second time bin and, if so, quickly supply sufficient voltage to the electro-optic
modulator to enact that phase change. To that end, a custom in-house circuit was built
using off the shelf transistor-transistor logic (TTL) integrated circuit (IC) logic chips. The
circuit toggles between one mode of operation with no effect and another one which
ensures a phase change to the EOM during the second time bin. An abbreviated circuit
logic diagram outlining the functioning of the circuit is shown in Figure[4.7] The control
circuit receives as inputs a copy of the TTL output from the SPCM of interest, det, and two

215ns TTL window pulses from the AWG, Wyet and W phase, Which respectively outline
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the first time bin for the registering of detections and the second time bin for the output

phase voltage, phase.

4.6 Results and discussion

There are two different ways to look at the measured data. One has been discussed
previously and corresponds to Fig. which shows the coincidence probability as a
function of the time-difference between two detections. However, our main interest is
whether both detections are registered within the same or opposite time intervals (I; and
Ip). Therefore, the same data can be represented in a cross-correlation diagram (Fig.
showing the four possible values of the coincidence probability between detectors C and
D firing in either I or I5. In contrast to Fig. 3, this allows to further differentiate between
coinciding detections in I} and I5.

The cross detection probability of interfering photons with perpendicular polarisations
is shown in Fig.[4.8(a). This gives rise to the random routing of the simultaneously arriving
photons, such that the resulting time-resolved coincidence rate yields the autocorrelation
function of the photons’ intensity profile. The cross-correlations are depicted in Fig. [4.9(a).
For the case of photons with orthogonal polarisations, these are identical and theoretically
equal to 1/8.

For photons with parallel polarisations, the cross correlation probability is shown in
Fig. [4.8(b) for ¢ = 0. This measurement follows the predictions of photon bunching in
the canonical HOM effect, for which we expect no coincidences. Photons bunch in the
same output regardless of the actual detection time. Thus, the probability of cross channel
detections is expected to be zero for all time differences (Fig. [4.9(b)).

Fig. [4.8{c) shows the cross detection probability for photons with parallel polarisations
when ¢ = 7. In this case, the photons anti-bunch (i.e., they are found in different output
channels if detected in different time intervals). The maximum probability to find photon-
photon correlations occurs at 7 = +3¢, where 6t is the length of the photons. This maximum
probability is twice the reference value of Fig. [4.8a), which is in accordance with the

cross-channel detections shown in Fig[4.9(c). Nonetheless, the likelihood of correlated
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photon detections in the same time interval is close to its theoretical value of zero.

Finally, the cross detection probability shown in Fig.[4.8(d) represents the case of active
feedback on ¢, for which we expect any photon recorded in I, be detected at C. Therefore,
the number of "D before C" correlations reaches a maximum while we barely see any
"C before D" correlations, as shown in Fig. [4.9(d). Our experimental results demonstrate
that classical feedback control of a quantum excitation spanning multiple systems (RF
pulse driving AOM — driving laser — atom — cavity — quantum field modes) can be
achieved, resulting in a photonic state with the property of always exiting through the
same output of a beam splitter. Since the photonic excitation spans different systems,
including the atom itself, it could be possible to understand the behaviour reported here
in terms of the entangled state between the atom and the detected photon, but many
other different devices are also entangled with this state, some of which are under full
classical control.

Some differences between theoretical expectations and experimental results are visible
in Figs.[4.8]and These can be attributed to a partial loss of coherence or depolarisation
of the interfering photons, most evident from the presence of correlations in the side lobes
of Fig.[4.8](b). The mutual coherence between photons is often characterised by the HOM
visibility, defined as

Ni

Vi =1-— 4.22
HOM N, (4.22)

where N and N, are the total number of correlations observed for interfering photons
with parallel and perpendicular polarisations, respectively. Using the results obtained
with ¢ =0 for N we find Vijom = 0.78 £0.04. However, we measure a reduced visibility
of Ve =0.61 £0.04 if we restrict our analysis to those correlations with detections across
time intervals I and I,. This serves as a reference for all effects discussed here, as these
affect only the correlations across both time intervals.

The visibility under phase control upon switching between ¢ =0 and ¢ = 7 reads

_ Nn_NO

=1 — 4.23
7 N, +No (423)

where Ny and N represent the coincidence counts between pairs of photons with relative
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phase shifts of ¢ =0 and 7, respectively. Again, we only count coincidences across I} and
I>, and find Vs = 0.56 +0.06, in agreement with V¢ within error bars. This validates the
robustness of the phase switch as no further loss of coherence is induce(ﬂ

Since the feedback relies on a conditional phase switch, we quantify its visibility by
comparing coincidence counts between intervals where a measurement in D occurs before

one in C (Npi¢2), and vice-versa (N¢1p2):

Npic2—Ncip2
Npic2+Ncip2

Vieed = (4'24)

For our experiment, we find Vieeq = 0.56 £0.06, which is identical to Vs and equally
within error bars of Vi.s. We therefore conclude that the feedback works as expected,

without introducing any loss of coherence.

4.7 Interpretation

Going back to the analogy between photon interference and cat-poison states, shown in
Fig.[4.10] the goal of the feedback has been to break the correlation between them. Where

before the system was characterised by the cat-poison state as

|‘p> = % (|a|ive>cat |~L>poison + |dead>cat |T>poison) ’ (4'25)

a measurement on the state of the poison and the implemented feedback loop have
enabled us to apply a phase change in the state of the system, ensuring that the cat is
always measured alive.

In this experiment, it is possible to assign the state of the poison to that of the two-
photon state in the first interval. A measurement of a broken poison corresponds to
observing the first photon in detector C, i.e., ||} poison = ci |6>, while a non-broken poison
corresponds to observing the first photon in detector D, |T) is0n = d'l" |f)> . In a similar way,

the cat states correspond to |alive) ., = c; |6> and |dead) ., = d; |6> .

W,ef and Vg are expected to yield the same value, assuming N = Ng and N, = (No+Ny) /2 due to the
random splitting of photons.
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In the system mentioned in this chapter, administering an antidote corresponds to

applying a phase change from ¢ =0 to ¢ = m depending on the outcome of the measurement

‘?(¢ZO)> to

out

\~P(¢=7r

in the first interval. This enables us to change from out

)>, changing the
distinguishability between the photons interfering and therefore its bunching nature, from
bosonic to fermionic in the detectors.

A question that can arise naturally from this analogy is why the antidote is not
administered to all of the cats. After all, in the usual analogy between cat and poison,
an unbroken poison would always leave the cat unharmed. Similarity to the experiment
is recovered when considering an antidote that can only work in combination with the
poison, this is, one that could otherwise be deadly to the cat. A constant change of the
phase of the system to ¢ = 7, even before the feedback has taken place, ensures that
early detections in C (unbroken poisons) correspond to late detections in D (dead cats),
something understandable from the fermionic nature of the interference.

Finally, a limited visibility in the feedback also has an interpretation in this system, as
some phase changes (influenced by the poison state) do not lead to living cats. We have
already explained that this loss of coherence is due to the distinguishability of the photons,
something that is understandable given the large amount of noise sources present in the
laboratory, including drifting magnetic fields and changing cavity couplings.

An important caveat must be remarked here: the states we consider in Eq.
could also be interpreted as Bell states, and the collapse of this superposition occurs
successfully for microscopic, individual quantum objects such as a single photon. As such,
the intepretation of this state is not appropriately described by what are customarily
described in the literature as cat states, which are generally described as having the
form |cat) = (|a) +|-a)) /V2, for |a) a coherent state of light. These states have been
experimentally realised in the past in other research groups [128] [129], but the work
here does not involve the implementation of any states of this form. Indeed, some of
the ideas about the cat and antidote analogy presented here do not have an analogous
interpretation in a conventional cat state: Since applying the antidote requires an action
on the state of the cat prior to the beamsplitter, administering an antidote to a cat which

behaves as a superposition of two macroscopically distinct states would not be possible.
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Other differences are related to the time delay between the poison and the cat, which
would place no role in the time delay between the two parts of the |cat) wavefunction. A
final one has to do with the fact that, in this experiment, the atom in the cavity can be
interpreted to play the role of a quantum memory for a single photon, something which

could not be realized with a cat state.

4.8 Conclusions

We have demonstrated a technique for steering the measurement of a quantum
superposition towards a definitive result. This was achieved by using a feedback
mechanism that enforces either bosonic or fermionic behaviour on interfering photons
with long coherence lengths.

We emphasise that a classical interpretation of the described experiment fails.
Classically, one might expect the feedback control to be successful only when the first
detection corresponds to the photon in the delay arm. Otherwise, if the first detection was
of the photon in the short arm, the phase change of the driving laser would have no effect
(as the photon under generation has already been detected). In a classical description,
one would expect a random routing of the second photon regardless of the phase switch,
and a reduction of the feedback visibility to zero, which is clearly not the case.

This result constitutes an elementary step towards introducing active control into
processes such as quantum random walks and optical networks [[130]. Generalisations
of the technique demonstrated here are suitable candidates in photonic switchyards
requiring multiple photon streams for studying multi-mode interferometry [27]], where

the deterministic routing of photons would be performed using feedback operations.
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Photon preparation Interference

1 MHz PBS

SPCM

1SPCM

feedback ——

Figure 4.5: Experimental arrangement: Two long, double-hump photons interfere in a beam
splitter. Photons are emitted at a repetition rate of I MHz from an atomic source driven
by a laser pulse controlled by an acousto-optic modulator (AOM), whose phase is changed
using an electro-optic modulator (EOM). The AOM pulses are generated by an arbitrary
waveform generator (AWG). A delay line with an optical path length of 300 m ensures the
simultaneous arrival of two sequentially emitted photons. The emitted photons have such
long wave packets, that the first time bin of both photons interferes before the relative
phase ¢ of the second photon in the second time bin is set. Furthermore, the emitted
photons have random polarisations. Using a polarising beam splitter (PBS), photons are
routed into random paths, and two photons simultaneously impinge on the input ports A
and B of a beam splitter (BS) in 25% of all possible cases. The relative polarisation between
both photons is changed using a half wave plate (HWP). Photons then interfere in the
BS and exit through the ports C and D, upon which measurements are performed using
single-photon counting modules (SPCMs). The outcome of a measurement in the first
time bin is used to perform feedback on the value of the phase, ¢ during the second half
of the driving pulse.
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Figure 4.6: Analysis of feedback error induced by latency. The dead time is the feedback
delay of the system, here shown as a fraction of the photon length. It corresponds to time
taken for a signal to pass from the EOM to the cavity and the detectors, be processed
by the controller and return to the EOM. During the dead time, the feedback control
cannot be achieved. This introduces an error rate (Eq.[4.20). The profile of the considered
photon is shown in the inset along, with a section highlighted in red corresponding to
the measured 97 ns feedback delay of the setup. The error rate of 0.2% obtained for this
delay is shown in the horizontal axis. This figure is taken from [64} [79]

D Latch JK Flip-Flop AND Gate
Q J Q A
D J_> CLK Y — phase
Q ] K Qp r B
Wdet det thase

Figure 4.7: Control circuit: The JK flip-flop (Texas Instruments SN74F109N) controls the
state of operation of the circuit. When Q is 0, no phase signal will be output, but when Q
is 1, the output, phase, follows Whase, using a wired AND gate with open collector TTL
gates (N74F07N). Toggling between these two states is triggered by a signal on the JK
flip-flop CLK (clock) input from a detector, det, but only when the JK is in toggle mode.
With Q(Q) high (low) the JK is in toggle mode, with Q (Q ) low (high) the JK is in Hold
mode. The D latch (TI SN74LS375N) buffers the input W, to provide a duplicated and
negated copy.
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Figure 4.8: Coincidence probability densities and sliding histograms (whose bin width
is larger than its bin separation) showing the theoretical (solid) and experimental
(filled) values for Pjgint (7). This illustrates the time-resolved HOM interference of two
photons under three different conditions. (a) shows the random routing of photons
with perpendicular polarisations, which serves as reference. (b) shows the interference
between indistinguishable photons (¢ = 0) with parallel polarisations, resulting in almost
no coincidences between the two detectors. (c) shows the trace obtained for photons
with phase shifts of ¢ = m without feedback. (d) shows the asymmetric pattern observed
under feedback control, where the feedback has prevented (most) correlations in the
right satellite peak. The data shown here has been corrected for correlations involving
background noise, as explained in Chapter [3] The method of sliding histograms has
been used to better represent the results, requiring fewer data than a usual histogram
where each of the data points contributes only to a single bin. Only the cross-detector
probabilities are shown, as the used detectors cannot count two photons on the same
detector in the same time bin.

79



a) Perpendicular b) Parallel, ¢ =0

o o
2 21
Y & A
g g
3 = 1/8
|®] ®]
0
Dy
D
Cy !
d) Parallel, Feedback ¢
e o
o o
— '
g £
S S
B £
o} o}
|®] |®]

Figure 4.9: The correlations from Fig.[4.8/are now shown according to the exact detector-
time-bin detections, demonstrating an increase in the correlations between C; and D
(implying that a detection in D in I has been used to steer the measurement of a photon
in I to C). The limited visibility is evident when comparing the data to their theoretical

values, shown dashed. The data shown here has been corrected for correlations involving
background noise, as explained in Chapter [3]
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Figure 4.10: Interpretation of two-photon interference as a Schrodinger’s cat experiment.
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"To infinity and beyond!"

—Buzz Lightyear

Using atom-cavity based single-photon

sources beyond two-photon interference

5.1 Introduction

In the previous chapters, we have explained several of the methods used for producing
single photons using an atom inside of a high-finesse cavity. Our ideal goal would be
to obtain N photons simultaneously arriving -ideally from different sources- in different
input channels of a multimode interferometry chip: a device consisting of multiple input
and output ports to generate unitary operations connecting them, as shown in Fig.
Interestingly, depending on the nature of the light arriving on the input ports, the resulting
interference can generate quantum states that can be used for practical quantum-based

applications, as has been mentioned in chapter|[i]
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Figure 5.1: A multimode interferometer (MMI) is a device consisting of multiple input
and output optical ports, which enables the generation of unitary operations linking them.
When used in conjunction with long photons, an MMI can generate entangled photonic
states useful for quantum applications [27].

We have shown how one of the implemented sources is able to produce photons of
arbitrary wave-packets that do not have a defined polarisation. This source has enabled
the characterisation of two-photon interference in a multimode interferometer [27]] when
the photon source has been combined with a polarising beam splitter and the use of delay
lines equal to the temporal separation between two consecutive photons.

If the photons emitted from the atom-cavity based single-photon source do not have a
defined polarisation after being emitted, placing a polarising beam splitter after the source
only produces two photons simultaneously arriving at the output ports in 25% of the cases
4l

A remedy to overcome this post-selection has been to generate single photons of
alternating polarisations [27], which have a natural routing when emitted towards a
polarising beam splitter. Adding a delay line equal to the photon length and one half wave
plate, the source can deliver two simultaneous photons of equal polarisations in different
optical paths.

As mentioned before, to generate the aforementioned photons we apply a magnetic
field to unfold the magnetic structure of the D line of 8’Rb, generating detunings between
the different mp sublevels of the ground state. The photons emitted from the magnetic
sub-level transitions are polarised, and the driving pulse can be tuned to be used as driving
or repumping in an alternating manner between these transitions. The detunings between
the levels must be large enough for the cavity to resolve the transitions and not address
unwanted atomic states. Unfortunately, as mentioned in Section this requires the

usage of strong magnetic fields which place the light-matter interaction in an intermediate
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Nonlinear Zeeman regime which does not allow for the faithful production of a stream of
more than two sequential photons with high efficiency [54].

To overcome this, in this chapter we study several theoretical proposals to produce a
stream of polarised single photons which is resilient to the nonlinearities induced by strong
external magnetic fields. We then examine the devices used to make these photons arrive
simultaneously at the input of a multimode interferometer, using a photon switchyard
composed by free-space Pockels cells, beam splitters and fibre delay lines. Although no
single photons have been routed by the switchyard, we characterise the switchyard using

coherent light.

5.2 Improving the emission efficiency of polarised
single photons

We seek for a process that minimises the impact of a photon emission as a prerequisite
for the emission of the next. This can be achieved by not using the vSTIRAP pulse as
a repumping pulse for the atom, but rather to rely on methods that repump the atom
back to its initial desired state in a separate process before attempting the production of a
subsequent photon. Moreover, since the efficiency of generating photons of alternating
polarisation is hindered by a weaker coupling in one of the driving branches of the process,
it would be desirable that the photons produced are all identical.

In what follows, we present two methods that overcome the detrimental consequences
of nonlinear Zeeman effects for efficiently producing polarised single photons from an
atom-cavity system. The first of these methods operates at the nonlinear Zeeman regime
and is completely coherent, using two lasers deployed for a STIRAP re-pumping scheme,
as shown in section The second one does not require the usage of a magnetic field
but relies on incoherent methods (and therefore on atomic spontaneous emission) to bring
the atom back to its original state after several rounds of excitations, as shown in section

9.2.3
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5.2.1 How simulations are performed

The simulations in this chapter use similar methods to the ones used for predicting the
behaviour of single photon production in the presence of strong magnetic fields [37, 63]].
They make use of a full-fledged atomic structure to predict the behaviour and efficiency of
the atomic system. By considering the atom-cavity system to span a basis of eigenstates
li,n1,n2), where i is the atomic state, and n; and n, correspond to the number of photons
in the two orthogonal polarisations sustained by the cavity.

Since the operation of the system occurs at the single-photon level, we can consider the
optical modes in the cavity to be two coupled two-level systems, with the photon number
in each of the polarisations being either zero or one. The combined Hamiltonian describing
the evolution of the system retains the form of the Jaynes-Cummings Hamiltonian
described in section

Hsutt = Flatom +Heay +Hint » (5.1)

where the atomic Hamiltonian is given by the populations of different energy levels

i), each one detuned by A; from an energy level reference:
Haom =1 ) Al il. (5.2)
i

In a similar fashion, the Hamiltonian for the cavity, which is detuned by Ac from the
transition between |F = 1,0,0) and the energy level |i) with energy zero, is proportional

to the total number of photons present in the cavity,

A

Hooy = HAC (d{&l +d;&2) . (5.3)
Here, cﬂ (@) and d; (@) correspond to the creation (annihilation) operators of photons in
the orthogonal polarisation modes 1 and 2 of the cavity.

The interaction Hamiltonian shows how the atomic states |i) and |j) are coupled using

a driving pulse with Rabi frequency Q(7), and also ensures that the atom-cavity coupling

factor g enables an atomic transition and the creation of a photon of polarisation 1 or 2
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while following the selection rules. It has the form

Fin =1y {420 @+ G+ Ayg (1) i

i,j

ap+al,|i)Gl)) 64
where g and Q(¢) are the atom-cavity coupling rate and Rabi frequency of the driving
laser after factoring all the angular dependencies, which are themselves summarized in

the coupling factor A;;:
g=4A;8, Q@) =A;Q(1). (5.5)

This dynamics of the system are solved for a density matrix ¢ using a master equation

of the form [[131]]

N T P
P = [H.p1+L(p), (5.6)

where L (p) is the Lindblad operator of the system, written as a sum of collapse

operators C,[131]:
L(p) = (26.pC) - pCiC-CiCup) (5.7)

The collapse operators, which in our case represent the loss of population in the
system due to spontaneous emissions and photon losses from the cavity (with decay rate
k), can be written as V2«d; (V2«d,) for a photon emission of polarisation 1(2), and as
\/Fij* |sj> (s;| for a spontaneous emission process that takes the atom from the state
|s;) to |sj> at a rate ;.

After setting up the Hamiltonian and collapse operators for the system, whose
couplings are provided using the Atomic Density Matrix package for Mathematica [132]],
the master equation |5.6/is solved using the mesolve method from the quantum toolbox
in Python (QuTiP) [[133]. The techniques summarized here are packaged on the rb-cqed
Python package [[134].

5.2.2 Fully coherent method

The repumping of the atom could be performed by using coherent methods such as

STIRAP, where two laser pulses are shaped to adiabatically transfer the state of an atom
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while avoiding the appearance of incoherent processes such as spontaneous emission.
This idea leads to an estimated enhanced emission of sequential photons, and allows for
the atom to be prepared in its desired state faster and more precisely than incoherent
methods would. In what follows, we detail a potential procedure for repumping the atom

using STIRAP, in two stages, as shown in Fig.

5.2.2.1 Photon production stage

The photon production stage starts by having an atom prepared in the state
|F'=2,mp =-2), where a v-STIRAP process 10MHz detuned below the resonance of
the |F' =2,mp = —2) state is driven to transfer the atom to the state |F =1,mp =—-1).
For a 460 ns long pulse, the simulations yield a typical maximum emission efficiency of
around 67%, which is as good as the coupling strength of the present cavity allows for
the length of the pulse. The transition used has a stronger coupling than either of the
transitions used in the previous scheme and, due to the adiabaticity of the production, the
efficiency of the production process can be increased by producing longer photons. The
ratio of photon emission into the cavity against spontaneous emission for this process is
1.6, which is better than what was achieved with the old polarised scheme, where a value
of 1.4 was obtained [101]. Still, there is room for improving this further, and efforts are

underway to determine the optimal set of parameters to be used.

5.2.2.2 Coherent re-preparation stage

Once the atom has emitted a photon, it must be brought back to the original state for
another photon to be produced. For this reason, the repreparation state uses a regular
STIRAP process, in which two lasers mediate the population transfer instead of it being
driven by the cavity. This process transfers the atom from |F =1,mp =—1) back to
|F'=2,mp =-2). It can be driven with a laser with 7 polarisation (from F =1) and a
circularly polarisedlaser from F = 2. The process is driven with two sin(r) pulses, each

of them 150 ns long and separated by 45 ns. The intensities of each pulse are tuned such

Ti.e. linearly polarised and injected orthogonally to the cavity axis, such that it decomposes into an
equal superposition of o*and o~
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that each transition sees a peak Rabi frequency of 27 X 140MHz (i.e. much more powerful

that the v-STIRAP laser). This process is ~ 96% efficient, according to simulations.

5.2.2.3 Complete cycle

Successive v-STIRAP and STIRAP re-preparation cycles are the key to the application
of this scheme. By preparing the atom in |F =2,mr = -2) and applying three photon
production and re-preparation cycles there is a ~ 25% chance of 3 consecutive photon
emissions. The fundamental upper limit that can be expected is given by the efficiency
of each process when the system is prepared in its initial ideal state, and the probability
of producing a photon being independent on whether a photon has been emitted in the
previous step:

Primit (3) = (0.67x0.96)° = 0.26.

One of the factors that will limit the repreparation efficiency is the population left over
in undesired states after each v-STIRAP attempt. In general, an atom entering the cavity
cannot be efficiently prepared into the Zeeman substate |F =2, mp = —2). Rather, when
entering the cavity, a loaded atom will be prepared in a random ground state. A continual
driving of the atom using successive photon production and coherent re-preparation cycles
eventually makes the population accrue in the desired substates, as shown in Table[5.1]
This has an important consequence: using the coherent repumping method does not need
a separate repumping process. Just running the sequence eventually brings the atomic
population back to the desired state, even when the atom has been incorrectly prepared.

In the simulations, an atom is initialised in one of the Zeeman sublevels of the ground
states. As the desired laser pulses are applied, a percentage of the population larger than
50% ends up in the desired substate: the population of the atom was examined after 5, 10
and 15 combined cycles. The detuned driving of the the undesired states starts cascading
the population towards the desired states. This can be seen in Fig.

Since the atoms traverse the cavity mode for around 100 cycles, this means that the
same atom could be able to produce multiple several-photon shots, making the efficiency

of the source high enough for applications involving the use of multiple photons.

87



’ Initial atomic state |F,mp) \ P22y after 5 cycles (%) \ 10 cycles (%) \ 15 cycles (%) ‘

11,-1) 69.2 64.3 63.8
1,0) 55.5 62.8 63.6
I1,+1) 50.4 62.2 63.6
12,-2) 67.6 64.2 63.8
12,—1) 58.6 63.2 63.7
2,0) 57.7 63.0 63.6
12,+1) 58.2 63.1 63.6
12,+2) 54.8 62.7 63.6

Table 5.1: Table describing the percentage of the population that ends up in the original
state after 5,10 and 15 photon production and re-preparation cycles.

5.2.3 Method without magnetic fields

In what follows, we propose the implementation of an atomic source of polarised single
photons which does not require a strong external magnetic field. The idea behind this
method has been conceived and numerically simulated by Jan Ole Ernst, who intends to
continue with its experimental implementation.

This method depends on a conceptual change with respect to the previous experimental
methods used: the quantisation axis is now considered orthogonal with respect to the
cavity axis. The method is composed of three stages: The first, a v-STIRAP photon
production process similar to the one described in the previous method. The second: a
coherent repumping of the atom back to its original state. This stage occurs continuously
and on the scale of hundreds of nanoseconds, generating a stream of photons on the
MHz scale. The third stage is an intermittent optical pumping cycle, used either to
reinitialise atoms after a failed photon production sequence, or periodically, on a much
slower, microsecond scale. Optical pumping is an excellent technique for re-initialising
atoms that were lost to non-participating states during the preceding sequence, but its
operation takes much longer than the coherent repumping because it involves a random
population walk based on spontaneous emissions. The details of these three stages are

described in the following subsections:
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Figure 5.2: STIRAP re-pumping is used here to recover the initial state of the atom in a more
selective and fast way with respect to optical pumping mechanisms. As the spontaneous
emission is avoided, the photon emission process is completely coherent. This enables a
precise control of the atomic population. The detuned driving of the undesired ground
states also contriubutes to the cascading of the population towards the initially desired
state, recovering the initial population.

5.2.3.1 Photon production stage

A cornerstone to comprehend this proposal is a change in the choice of quantisation axis.
Unlike existing methods, where the quantisation axis is taken to be parallel to the cavity
axis[37,166]], in this method we redefine the quantisation axis to be perpendicular to the
cavity axis. This leads to a clear definition of the emitted photon polarisation, as will be
outlined in the following.

Customarily, the quantisation axis is picked to lie along the cavity axis (which we
have described as the z axis, as shown in Fig.[5.3|(a)), such that the cavity supports the
two circularly polarised light modes (o*,07) corresponding to the atomic transitions
Amp = %1 [37,166]. In the laboratory frame, superpositions of the two circularly polarised

light modes give rise to the following linear polarisations: H = (c*+0~)/V2 and V =
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(a) Quantization along cavity axis (b) Quantization along x axis (c) Quantization along y axis
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Figure 5.3: Atomic quantisation axis direction, either (a) parallel or (b,c) perpendicular to
the cavity axis. In red, we see the orientation of the 7, 0* and o~ polarisations with respect
to the quantisation axis. In green and blue, the light sent across the axes perpendicular to
the cavity axis is shown. The polarisation bases for each of the beams describe a plane
perpendicular to the axis of propagation. In solid blue and green colours, the polarisations
of the beams which the atom will interpret as m-polarised are shown. In white, we see the
two orthogonal modes that can be supported by the cavity, a key aspect for the production
of polarised photons without the presence of magnetic fields.

(0t —07)/V2i, defined with respect to the laboratory frame and irrespective of the chosen
quantisation axis. In contrast, for quantisation axes along the x and y directions, the
cavity supports the polarisation modes spanned by (7,V) and (r, H), respectively.

Due to the physical arrangement of the experimental setup, the driving of the atom
within the cavity is performed with laser light propagating parallel to the x or y axes.
With a quantisation axis parallel to z, m-polarised light enters the cavity through either of

these axes, as shown in Fig.|5.3[(a)

Without loss of generality, let us consider a quantisation axis parallel to the y axis. The
subsequent photon production sequence is inspired by the atom-photon entanglement
scheme first introduced in [25]]: a single 3’Rb atom is coupled to an optical cavity and
initially prepared in the state |FF = 2,mp = 0), meanwhile, the cavity is tuned to be resonant
with the F’ =1 — F = 1. Alaser with 7—polarisation and Rabi frequency Q,, near-resonant
on the F =2 — F’ =1 transition, addresses the atom in the cavity, establishing a coupling
to the level |[F’' =1,mp =0).

The cavity supports the dipole allowed o* transitions while the transition to

90



|F'=1,mp =0) is dipole forbidden. Therefore, no 7 polarised photons can be emitted.
A v-STIRAP process adiabatically transfers the population from the initial state to a
superposition of hyperfine states of the F =1 level and leads an atom-photon superposition

state which reads:
|lPat0m, photon> = L (lmF = +1’0-_> - |mF = _1’0-+>) . (5-8)

V2

Any emitted photon will either have o or o~ polarisations with respect to the
quantisation axis, but the cavity, with its quantisation axis along y, can only sustain

the superposition H = (0" + ") /V2. Therefore, all the emitted photons will forcibly have

this polarisation.

] mp =0
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Figure 5.4: Photon production stage. The atom is originally prepared into the
|FF =2,mp =0) state and driven using a laser and the cavity into a superposition between
the states |FF=1,mp =1) and |F = 1,mp = —1). This leaves any photon emission to have
a superposition in its polarisation between o and o7, but the cavity can only sustain
the superposition (o+ +0~)/V2, leading to a horizontally polarised photon being emitted
from the cavity.

After having estimated the driving of these processes using the methods shown in
Chapter[2] we have simulated this process for two existing cavities: one operating at the
edge of the strong coupling regime with a cooperativity factor around C = 1.5 [66]], and
one that operates deeply in the strong coupling regime with a cooperativity around C =10

[35]. With these two cavities, we have been able to simulate photon production processes
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achieving total efﬁciencie of up to 77% and 86% respectively.

5.2.3.2 Coherent re-preparation stage

After a photon has been successfully emitted, the atom is left in the state |-) =
(|F =1,mp=—1)=|F =1,mp = —1)) /V2. It can be prepared back into the desired initial
state, |F = 2,mp = 0) using a coherent STIRAP [72]] procedure which, as in the previous
method, also involves two laser pulses.

The transition between the two ground states is dipole forbidden so a two-photon
resonance condition is established between the transitions between the superposition of
F =1 ground states (|—) and F’ = 1,mp =0 and the transition between F =2,mpr =0
and F’ = 1,mp =0. One pulse is polarised such that its polarisation corresponds to a
linear combination of o and o~ polarised light pulses, resonant with the F=1— F' =1
transition. The polarisation of the laser light and thus the phase between the two circularly
polarised components must match the phase of photon polarisation derived from The
other pulse is 7 polarised and resonant with the F =2 — F’ =1 transition. Both laser
pulses have equal effective Rabi frequencies (re-scaled with respect to the atomic transition
strengths). Treating the Rabi frequencies of the two transitions as time dependent control
parameters and shaping them optimally [135] allows for simulated theoretical efficiencies
that reach up to 97% with pulse shapes such as the ones shown in Fig. Given that
the system has spontaneous emission losses given by a y commensurate with the other

atom-cavity parameters, unit fidelity cannot be achieved [136]].

5.2.3.3 Incoherent re-preparation stage

During the photon production cycle, the atom may decohere into an undesirable Zeeman
state, which could arise from a loss of adiabaticity when experimentally driving a vSTIRAP
pulse. Moreover, an arbitrary 3’Rb atom passing through the cavity can be initially
populated in a random ground state after having left the MOT.

To ensure an adequate re-preparation of the atom, a two-stage optical pumping process

2In this context, a total efficiency corresponds to the combined efficiency of producing a single photon
and re-preparing the atom back to its original state.
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Figure 5.5: (a)The optimally shaped pulses used for the STIRAP process that coherently
repumps the atom. (b) Outlines the repumping scheme, transferring the atomic population
from Eq. back to the desired initial state |FF =2,mp = 0).

F=2mp=]|-2 -1 0 1 2
n=1 0 0.01 | 0.878]0.01 |0
n=10 0.121 | 0.078 | 0.44 | 0.078 | 0.121
n=100 0.129 | 0.109 | 0.358 | 0.109 | 0.129

Table 5.2: Population after several repumping cycles.

can be used to periodically bring the atom back into the initial |FF =2,mp = 0) state used
for photon production.

One possible optical pumping procedure would require two m-polarised lasers (with
respect to the quantisation axis, travelling along the x-axis), nearly resonant with the
F=1—F' =2and F =2 — F’ =2 transitions. The first laser, from FF =1 to F/ =2, ensures
that any populationin F =1 is eventually pumped into the excited state and decays to F =2
through spontaneous emission. As a consequence, the population gradually accumulates
in the F =2 level. The second laser ensures that continued excitation from F=2to F’' =2
and spontaneous emission brings the atomic population back to the original state, since
the transition |F =2,mp =0) — |F’ =2,mp =0) is dipole forbidden. This is shown in Fig
9.6

Since the initialisation and re-preparation efficiencies occur over different time scales,
a careful optimization of the parameters can be performed. Due to the randomness
associated with the incoherent re-preparation process, the time scales associated with

it are generally longer than those associated with a coherent re-preparation. This can
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Figure 5.6: The entire experimental sequence for the method for producing polarised
photons without magnetic fields is shown here. First, V-STIRAP is performed, leaving the
atom in the coherent superposition state |—). This is followed by a fast coherent repumping,
which generates a stream of several photons. After a failed coherent re-preparation, the
atom can be brought back into the desired initial state using incoherent methods, i.e.,
optical pumping. This is also used to initialise the atom into the desired Zeeman state
when it is first loaded into the cavity. As the incoherent methods rely on the spontaneous
emission of the atom, which is isotropic, it is represented by the grey sphere shown in
this figure.

be counterintuitive, given that coherent methods are generally adiabatic. However, their
specificity and the design of pulses to optimise population transfer make them rapid with
respect to incoherent methods.

It is important to stress that a correct atomic preparation is crucial for the generation
of polarised photons. Indeed, if the atom is incorrectly re-prepared into a wrong state, for

example, F =2,mp = —1, the & transition would no longer be dipole forbidden.
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Figure 5.7: This figure compares the efficiency of producing a stream of single photons using
cavities of different cooperativity. For a cavity with C = 10, the efficiency of producing
streams of more than 10 photon theoretically reaches around 20%. This simulation has
been performed by Jan Ernst using the rb-cqed[134] Python package.

5.2.4 Pushing single-photon sources to the limit

The single photon production efficiencies presented in this chapter, derived from
simulation, are pushing atom cavity sources to the limit. Theoretically, the driving
systems described here would be possible to achieve 10 consecutive photon streams
with a production efficiency of up to around 20%. This is shown in Fig. Additionally,
recent results in the community [109] show the excellent scalability that cavity-QED
systems provide for the generation of entangled cluster states with respect to other
platforms, further making the case for improving the efficiency of producing polarised
single photons using the methods described in this chapter.

The efficiency of single photon production processes is, in theory, limited by 7max =
2C/(2C +1). When considering idealised three-level atoms embedded within the cavities,
a lack of cross-talk between atomic transitions enables the realization of theoretical
efficiencies close to nmax- This is, unfortunately, not the case when considering the
full atomic structure of the atom. As a consequence, Fig. shows that the photon
production efficiency in the D, line of 8’Rb is already capped at around 80%, for cavities
with cooperativities of C = 10, a requirement similar to those achieved by our most recent

cavity designs, such as the tapered cavity design, Cav3, mentioned in Chapter|[3

95



>
O
o
]
S 0.8
=
(]
3 067 o
5 -<- D2 line, idealized 3-level system
< 0.4 —— D2 line full atomic structure
o —— D1 line full atomic structure
s 0 | -<- D1 line idealized three level system
> .
T T T T T T T
2 4 6 8 10 12 14 16
Cc

Figure 5.8: This figure compares the efficiency of single photon production processes,
theoretically limited by 17max =2C/(2C + 1) against the cooperativity. For idealised three-
level systems with no cross-talk between transitions, the theoretical efficiencies achieved
reach almost 17nax- This is not the case when the full atomic structure of the D; and the
D, line of 3Rb are considered. Indeed, the limit for photon production using the D; line,
80%, is already achieved for cavities with cooperativities of C = 10, such as Cav3 from
Chapter 3] This simulation has been performed by Jan Ernst using the rb-cqed Python
package.

5.3 Single photon demultiplexing

So far, we have described efforts and methods for generating several single photons
serially leaving the cavity with high efficiencies. However, one key requirement for moving
beyond two-photon interference and into reaching the goal of having the time-resolved
interference of several single photons at the entries of a multimode interferometer or
other optical quantum network is to use a single photon demultiplexer: if photons are
being input in series from the same input channel, the action of the demultiplexer is to
emit each of the photons at the same time through different output channels.

At the heart of the operation of a demultiplexer is an Electro Optic Modulator (EOM),
a device which can switch the polarisation of the light passing through it depending on an
applied voltage. If we operate an EOM at half of the repetition rate of our single-photon

source, a continuous stream of horizontally polarised light will be converted into a stream
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of light with alternating horizontal and vertical polarisations. This stream can then be
split deterministically using polarising Beam Splitters (PBS), which deviate the light to
different paths depending on its polarisation. By introducing a delay line after the earliest
pulse, two pulses of alternating polarisation which were previously arriving one after the
other can now be parallelised to arrive simultaneously. The concatenation of an EOM, a
PBS, a HWP and a delay line composes a switching unit that converts a stream of identical
photons into a pair of photons whose wave packets arrive at the same time in different
outputs. The concatenation of several switching units allows for the construction of a
demultiplexing unit to probe the time-resolved interference of several single photons. In
this section, we will explain the working principle and characterisation of a single-photon
demultiplexer which has been implementedE] to eventually perform the interference of

multiple single photons at the input ports of a multimode interferometer.

5.3.1 Electro-optic modulators

In order to understand how a single switching unit operates, we need to understand the
behaviour that allows EOMs to switch the polarisation of incident light. EOMs rely on
the Pockels effect, where the birefringence of a crystal varies following an applied electric

field, E [38]]. This leads to a change in the refractive indices of the crystal, as:

1 .
nj(E)=n;- 5rjnifE, je{x,z}. (5.9)

Here, r; is the electro-optic coefficient associated with the jth axis of the crystal (x for
extraordinary, z for ordinary), and E refers to the applied electric field across the EOM.
This change of refractive index in each of the crystal axes creates a phase difference d¢

between the components of the electric field, given by

1 1
op=|(ny— ny)+ (ErzniE - irxniE) kl, (5.10)

3The construction of this demultiplexer has been done in close collaboration with Jiawang Li and Jan
Ernst, respectively a master and a DPhil student in the laboratory.
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where k refers to the wave-vector in vacuum and [ is the length of the crystal in the
direction the electric field is propagating. Since the applied field E is linearly dependent
on the voltage V across the crystal, the additional birefringence is also proportional to the
voltage applied, and the contributions of the applied voltage to the overall phase shift can

then be written as [137]]
— ”(V - Voff)

0 ;
¥ 7

(5.11)

where Vi is an offset voltage that when applied exactly compensates for the natural
birefringence of the crystal, resulting in no phase shift and therefore no rotation of linearly
polarised light. In contrast, V is defined as the voltage that results in a phase shift of &
between the z and x components of the propagating electric field. The voltage required to
generate an overall phase shift of &, taking into account the natural birefringence of the
crystal, is then V; + V¢ = V,,. From this, the relationship between the expected power

from an EOM output channel and the phase shift induced by the EOM is given by

(5.12)

1) V-V,
P = Piotal cos? (790) = Piotal cos? (u) .

2V,

In practical terms, with the incoming light polarised to match the slow axis of the
EOM, it is possible to change the EOM voltage between V¢ and V; in such a way that the
outgoing light alternates between being horizontally (no change) and vertically polarised.

Experimentally, the EOMs used are EXCELITAS LINOS LM0202, suitable for a 400-
850nm operation.V; is quoted as 210V+10V at 633nm, which translates to 258V+26V at a
wavelength of 780nm. Each EOM is driven by a LINOS DIV20 pulse amplifier capable of
delivering square signals with voltages between 0 and 590V. These pulse amplifiers are in
turn fed with TT input signals at 50€2 or 600Q2 impedance.

The operation voltages for the EOM are characterised by sending continuous light at
780nm of fixed polarisation into a single switching unit as described in Fig. using a
polarisation maintaining fibre, while manually varying the voltage applied across the EOM
from 0 to 500V. The output light is then sent to a PBS whose transmissive polarisation

matches the slow axis of the EOM, and the light from the transmitted arm is read out in a

4Electronic signals with logical states 0 and 1 defined by voltage ranges 0V-0.8V and 2V-5V respectively.
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Figure 5.9: Characterisation of EOM displaying a sinusoidal relationship between power
output and voltage applied. The experimental fit follows the relationship I,y (V) =
316.77+307.249cos (13.15+0.01421V). This behaviour leads to operation voltages of
Voff = (180£10) V (the minimum power output), Vo, = (400 £22) V (the maximum power
output) and V; = (220+32) V. The value of V, found experimentally is consistent with
the manufacturer’s value of 258V+26V.

photodiode. The results are shown in fig.

5.3.1.1 Single Switching Unit

When combining the operation of an EOM with a PBS, pulses of light of alternating
polarisation exit the setup through the different PBS output ports. As a result, the photons
are sorted deterministically into different output channels. The operation of a single
switching unit is summarized in Fig. where photons are represented by coloured
squares.

To characterise the switching efficiency of a switching unit, we must understand how
the light is transmitted between the V¢ and V; modes of operation of an EOM. The
visibility, v, provides a convenient way of quantifying the accuracy with which a single

switching unit is able to route light into the desired channels. The visibility v is defined by

V:Imax_lmin, (5'13)
Imax+1min

where Iy and Iy, are respectively, the maximum and minimum intensities measured

from the output of a PBS after an EOM [138].
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Figure 5.10: Operation of a single switching unit. H and V represent light pulses of
horizontal and vertical polarisations, respectively. The HWP rotates the polarisation
of the incoming photons. The EOM then imparts horizontal and vertical polarisations
alternatingly to the photons, which are subsequently sorted by the PBS.

In the ideal case, a switching unit will show I;j, = 0 when the EOM is set to V,;, which
indicates that all input light is being correctly sorted into the reflected channel of a PBS.
Thus, eq.[5.13]yields a v of 100% for an EOM exhibiting perfect switching behaviour. Hence,
it legitimately quantifies switching accuracy. The visibility, however, does not account
for overall losses at each optical component including those from incomplete coupling of
light into the fibres. For each of the single switching units implemented, the visibility is

estimated to be of approximately 92%.

5.3.1.2 Photon Switchyard

The completed switchyard comprises three single switching units concatenated as
shown in Fig. where the signals driving the respective EOMs are indicated by the red
and purple traces. In this setup, EOM 1 is driven with a square wave of frequency f/2,
where f is the intended photon repetition rate. This ensures that the input photons are
alternatively sorted into the two output channels of the first PBS, while EOMs 2 and 3 are
driven at f/4. Each EOM in a switching unit is connected to a separate pulse amplifier,

but all three pulse amplifiers are connected to the outputs of a TTL countethat ensures

>Originally custom made using a 74LS93 integrated circuit, then expanded and fabricated by Tausand
electronics to support eight channels.
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Figure 5.11: Operation of concatenated single switching units with f being the photon
repetition rate. EOM 1 is driven with the red waveform of frequency f/2 while EOMs 2
and 3 are driven in tandem with the purple waveform of frequency f/4. Photons are first
sorted at EOM 1 into EOM 2 or 3, then further sorted at EOM 2 or 3 into outputs A, B, C
or D.

a fixed phase relationship between the operation of all the EOMs. The TTL counter is
used to divide the frequency of the square pulses that drive all the EOMs simultaneously,
therefore outputting one pulse at f/2 and two at f/4, as shown in Fig.

When CW light is input to the switchyard, the outputs show rectangular waves with
periods as low as 663ns+8ns, consistent with the driving frequency of 1.5MHz. The rise and
fall times associated with these square pulses are measured to be approximately 50ns+8ns.
This is appropriate for the routing of the single photons produced by our sources, as the
novel schemes described in this section require repumping times of approximately 100ns,
as shown in Fig. The transmission efficiency of each switching unit is determined to
be approximately 97% by summing the measured output from each of the arms after the
PBS. If all channels are measured simultaneously, a clear switching behaviour is observed
at all outputs of the switchyard (see Fig. [5.14]). The appearance of the pulsed patterns
show rectangular waves possessing a 25% duty cycle, essentially dividing the total light
into four square pulses.

For testing purposes on the modulator timings and response times, pulsed light is
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Figure 5.12: Configuration to maintain a fixed phase relationship between input pulses
and EOMs. The marker pulse is partially used to drive EOM 1 while also being fed into
the TTL counter to half its frequency. The output from the TTL counter is then used to
drive EOMs 2 and 3 concurrently.
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‘ ‘ time (ns)
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Figure 5.13: Scheme to accommodate rise and fall times within repumping gaps. The solid
and dashed black lines represent the shaping and repump phase of the single photons
respectively. Rise/fall times are effectively accommodated within the repumping gaps.

102



I (arb. units) I (arb. units) I (arb. units) | (arb. units)

time (ms)

Figure 5.14: Relative behaviour between output channels A, B, C and D of the switchyard,
without fibre delay lines being implemented. Clear switching behaviour is observed with
pulses having a 25% duty cycle - consistent with our predictions. . This represents how
one in every four light pulses will be sorted into each channel. The intensities are shown
in arbitrary units to account for different photodiode sensitivities.

sent into the switchyard using an acousto-optic modulator (Crystal Technology 3110-120)
controlled by an AWG (Tabor Electronics WX1284C). The AWG is capable of delivering
2V peak-to-peak and square waves of up to 500MHz. The AWG also generates a square,
marker pulse that acts as the common clock for all the switching times, as shown in Fig.
The pulsed light is produced with a sin?(wr) temporal profile and a period of 333ns,
which corresponds to a repetition rate of f =3 MHz. When the pulses are shaped, the
switchyard works as expected and one in every four pulses is output from each of the
channels, as shown in Fig.

To produce photons that are indistinguishable for boson sampling purposes, it is
necessary that they arrive simultaneously at different outputs after the switching process.
The second, third and fourth routed photons, all emitted at different times, have arrival
times delayed by 2/f, 1/f and 3/f respectively. To compensate this and allow for a
simultaneous arrival, it is possible to connect fibre delay lines of appropriate lengths to
each of the output channels such that a sequence of four photons fed into the switchyard
one after another each experiences the correct amount of delay for them to arrive
simultaneously at the outputs. We can relate the difference in arrival time, 67 to the

difference in length of the fibre delay lines, 6/, as
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Channels | Deviation with Respect to Delay Length (m)
Channel D (ns)

A -22.5 200
B -7.5 66.7
C -15 133
D 0 0

Figure 5.15: Time deviations and delay lengths used for simultaneous pulse arrival.
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Figure 5.16: Relative behaviour of output channels A, B, C and D for shaped pulses,
without fibre delay lines being implemented. As every output channel outputs only one of
every four pulses, the switchyard works as expected.

Olm
— =0t= ﬂ, (5.14)
¢ f

where c refers to the speed of light in the fibre and m € {0,1,2,3}, as shown in Fig.
Fibre delay lines are now connected to the output channels as a proof-of-concept for
the simultaneous arrival of pulses across all channels. Using eq. [5.14 for f = 1.5MHz
and refractive index n = 1.5, the appropriate fibre delay lengths required for each of
the channels are calculated (as shown in Table and the fibre inputs are set to be
connected to the switchyard using kineMATIX fibre couplers, making all channels arrive
almost simultaneously. Preliminary data, shown in Fig. shows the simultaneous

arrival of pulsed light when using the stipulated fibre delay lines.
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Figure 5.17: Preliminary data for the output behaviour of channels A, B, C and D for
shaped pulses implementing fibre delay lines. A simultaneous pulse arrival is clearly
demonstrated, but the switching efficiencies shown in Fig. are yet to be improved.

5.4 Conclusions

In conclusion, we have conceptualised and built a switchyard employing a scalable
approach capable of producing four simultaneously-arriving photons when a steady
stream of photons are injected. We have tested the switchyard using both continuous and
shaped pulses of light, yielding visibilities of 85% and 84% respectively. Finally, we have
also performed a successful proof-of-concept of employing fibre delay lines to achieve the
simultaneous arrival of pulses in different channels of the switchyard. For both continuous
and shaped pulses of light, any deviations in arrival times of the pulses across different
channels represented 4% or lesser of the temporal width of the pulses.

We seek to improve the extent for which photons arrive simultaneously by fine-
adjusting the generating sequence on the AWG to match up with the given fibre lengths.
When the switchyard is eventually operating with single photons, we plan to quantify
simultaneity more accurately using Hong-Ou-Mandel interferometry.

Ultimately, we intend to carry out time-resolved multimode interferometry with the
demultiplexed photons generated by the switchyard. This opens the door for us to perform
4-photon boson sampling as a means of establishing quantum superiority over classical

computational devices - where such a task is considered to be demanding [[18]]. Moreover,
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the scalability of the switchyard enables a conceptually simple way of implementing boson
sampling with an even larger number of photons, for which the source efficiencies must be
improved. Given that source efficiencies can be improved by increasing the cooperativity
of the atom-cavity system, efforts are underway [35} 36] to make the mode volumes of
cavities smaller, enabling stronger coupling.

One of the key problems that arises when mode volumes are made smaller is the
inclusion of a multilayer structure, which is negligible for large structures but starts
becoming considerable for quantisation and light propagation. In the next chapter, we
explore how the modelling of shorter cavities can be understood, quantized and reconciled
with cavities comprising thin reflectors, when the multilayer dielectric stacks that make

their mirrors are taken into account. This will be the topic of the next chapter.
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"Shrek: Onions have layers. Ogres have layers... You get it? We both have layers."
Donkey: Oh, you both have layers. Oh. You know, not everybody likes onions.
Cake! Everybody loves cake! Cakes have layers!"

—Shrek (2001)

The impact of multilayer dielectric stacks

on light-matter coupling

The work presented in this chapter is adapted from the publication "Light-matter interaction
in open cavities with dielectric stacks", published in Appl. Phys. Lett. 118, 154002 (2021).
[139].

6.1 Introduction

The finesse of a cavity, defined as the ratio of a cavity’s free spectral range to its linewidth,
ensures a good spectral resolution of each cavity resonance: If a single emitter such as an
atom has a transition linewidth comparable to that of a cavity, it is possible to assume

that atom-cavity interaction is limited to a single field mode.
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To achieve the high mirror reflectivities required for enabling strongly coupled atom-
cavity interactions, it is customary to use mirrors with highly reflective dielectric coatings,
also called Bragg stacks [[140] [141]].

Dielectric Bragg stacks are composed of several layer pairs of dielectric materials
whose refractive indices alternate. The optical thickness of said layers is with a quarter
of the wavelength used. As high reflectivities are only achieved for a large number of
such layers, it is customary for incident light to penetrate the stack through several layers
before decaying.

From Chapter[5|we have identified that one of the key requirements for an atom-cavity
system to produce photons with high efficiency in a vVSTIRAP arrangement is the use of a
high cooperativity system. High cooperativity systems can be achieved by minimising the
mode volume of a cavity, which can be performed by either increasing the curvature of
the mirrors forming the cavity, as is the case for Cav3 in Chapter 3] or by reducing the
spacing between the mirrors.

At its extreme, the mirror spacing used for forming a cavity can be of the same order
as the wavelength of interest [142]. This increases the relative portion of the cavity
mode leaking within the dielectric stack [[140, [143], potentially rendering inaccurate the
customary spectral properties of a Fabry-Pérot resonator discussed in Chapter[2] such as
the cavity’s resonance frequency, linewidth and free spectral range.

The propagation of light in cavities limited by dielectric mirrors has been studied
in the past under a resonance condition, in which the light propagating matches both
the frequency for which the mirrors were designed to be reflective, and the frequency
for which a Fabry-Pérot cavity with a mirror spacing of equal length would be resonant
[140, 144, [145].

In this chapter, we go a step further in considering the more general case of a wave
with an arbitrary wavelength traveling through the stack. This is especially relevant for
producing single photons with atoms in cavities, as the atomic structure and the driving
in the cavity require the use of several frequencies, potentially detuned by a significant
number of cavity linewidths. To this end, in this chapter we write a closed expression for

the coupling between an atom and the field within a cavity whose mirrors are dielectric
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multilayer stacks. A similar result has only been previously reported in the literature for
the case of single-layered dielectric mirrors [146].

When modelling the dynamics of light-matter interaction within a cavity, the quantized
light field is customarily normalised in terms of its quantisation volume, which normally
corresponds to the geometric volume of the optical resonator [147]]. This is indeed the
case for the simple coupling expression shown in Eq[2.17]

In the case of the high-cooperativity cavities we consider in this chapter, modelling the
surface of the mirror as a hard boundary to the cavity mode is no longer appropriate. To
rectify this, we consider an open cavity system where the electric field is able to propagate
through the dielectric mirror and couples to external free-space modes. This departs from
the standard notion of having a mode volume and well defined frequency modes of the
resonator, suitably modifying our calculation of the Purcell Factor. Whilst some aspects of
this quantisation have already been addressed in the past, [148][149]], a description which
takes into account a large number of dielectric layers has only been reported in the cases
where the traveling wavelength coincides with the design wavelength of the stack.

In this chapter we revise the concept of mode volume and cavity resonance frequency
for a cavity formed from dielectric mirrors. First, we describe the general quantisation
procedure to be used for an atom within a cavity, where it interacts with a global
electromagnetic field. This procedure departs from the standard input-output formulation
used in the existing literature reporting open optical systems [147, [150, [157]. From this,
we obtain a general expression for the coupling strength between the electromagnetic
field modes and an atom placed within a cavity. One target application is the production
of single photons leaking out from one side of the cavity. We thus consider a cavity which
consists of one perfectly reflective mirror and one partially transparent dielectric mirror
of finite thickness and real refractive index, a case that has been considered extensively in
the literature [[147, (150} [152].

In the intermediate subsections of the chapter, the model is expanded to describe a
multilayer stack. This allows for a discussion on a more realistic specification of effective
cavity lengths and corresponding mode volumes for short cavities, whose mirror separation

is on the order of the wavelengths traveling through. The obtained results show that three
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quantities that are usually equal for cavities with thin mirrors differ substantially with
this model: (i) the expected resonance frequency of the cavity, (ii) the resonance frequency
of the emitter and (iii) the design frequency of the dielectric stack. By considering the
limiting conditions to these effects, we demonstrate that the standard models of optical
resonance are asymptotically re-achieved at extended cavity lengths.

In the final subsections of the chapter, a new model is developed for calculating the
coupling of an emitter to the light field in the described dielectric cavities. The modelling
considers the system to be an open quantum system, unconstrained by the surface of the

mirrors.

6.2 Atom-field coupling

First, we describe the procedure for atom-field coupling: we will consider the physical
situation of placing an atom between the mirrors of a cavity. In order to calculate an
atom-cavity coupling, we first derive the modes that correspond to the solutions of the
Maxwell’s equations in a given physical system. Such physical system corresponds here
to the set composed of the cavity, the multilayer stack and the outside environment. A
quantisation is then performed on the calculated field.

Since the cavity mirror structures that we consider are either flat or have experimentally
large curvature radii, on the order of centimetres, we will assume that the electromagnetic
field between the mirrors can be separated into the product of a longitudinal and transverse
component and only consider the longitudinal propagation throughout the chapter. This
gives rise to the paraxial approximation for the Helmholtz equation [45]].

The rectangular or cylindrical structures of the transverse modes arising in a cavity is
a well known phenomenon [48]], but the effects described here would apply similarly to
any transverse mode. The emitters considered can only couple to one of the transverse
modes sustained by the cavity, and as a consequence, the main effect that contributes to
the coupling resides in the longitudinal position of the emitter. As a consequence, we can
restrict ourselves to considering the cavity mode to be the fundamental one. Similarly, we

will neglect any polarisation effect that may arise within the cavity.

110



The electromagnetic field within a cavity is described by solving the Helmholtz

equation:

2 2
(%m (x) ‘:—2)% (x) =0, (6.1)

where €, (x) is the relative permittivity of the physical medium, @, (x) is the space-
dependent field eigenmode of continuous index w = 2nc/A, A is the wavelength of the
wave travelling through the structure and c is the speed of light. The orthonormalisation

condition for these modes is given by:

(D, D) = [OO dx € (x) D], (x) Py (x) =6 (w—-). (6.2)

[(e¢]
For convenience, the eigenmodes solving Eq. [6.1] can be spatially separated into three

regions: between the mirrors, within the stack, and outside of the cavity:

D, ()C) = q)w,in (X) + q)w,stack (X) + q)w,out ()C) . (6'3)

After having obtained the eigenmodes ®,, (x), it is possible to write a corresponding

quantised electric field in the Schrodinger picture as:

E(x)=—i /0 " dooy | ;’—;"0 (% (x) 4oy — @7, (x) aj,) , (6.4)

where

(6.5)

Here, d,, and d,, correspond to the annihilation and creation operators of photons
with angular frequency w. We highlight that the above quantisation procedure from first
principles does not break the modes into separate parts (as opposed to any approach first

quantising the field inside a perfect cavity and subsequently coupling the field modes to
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the outside using a variety of input-output formalisms [150,151]), but rather considers the
global modes occupying all the Hilbert space. These global modes behave as uncoupled

quantum harmonic oscillators with a Hamiltonian of the form
A 0 U
H = dwhw(d,d,+ 5] (6.6)
0

where the 1/2 term is usually removed to renormalise the zero-point energy of the field.
To take into account the interaction of the field with an atom localised between the

mirrors, one would like:

1. To derive an effective Hamiltonian and master equations accounting for the

dynamics inside of the cavity;
2. To describe the leakage of the photons from the cavity;
3. To characterise the photons leaking out of the cavity.

For this, we derive the Hamiltonian including the global field and the atom within
the cavity. The presence of the atom from the outset makes the calculations relatively
simpler than introducing it later, as shown in [[150], since the atom, localised in space and
interacting with the global modes d,,, leads to a mode-selective behaviour of the overall
system.

Let us assume that a point-like two-level atom with states |g) and |e) separated in
energy by fiwy, is positioned at x = x4, between a perfect, mirror placed at x = -, and a
partially transparent dielectric mirror positioned at the origin. Here, —{. < x4 < 0, where
L. is the geometric length of the cavity. The electric field at the position of the atom can be

written by evaluating Eq. (6.4) at x = x4, and we consider a field-atom dipolar interaction:
V =—dE (x4), (6.7)

where d = dé-, +d*6-_ is the dipole moment of the atom, &, = |e)(g| and & = |g)(e|. By
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applying the rotating wave approximation, the interaction terms read:
V=in / dw (nwmdw—n;am_), (6.8)
0

with a coupling strength given by:

w
w = dq)w in . 6.9
o= [ 3 A uin() ©9)

Therefore, the total Hamiltonian of the atom-cavity global system is of the form

+00 +00
H = hwabr 0 + / dwhwal d, +ih / dw(nwé-+&w - n;;dj,&_), (6.10)
0 0

where the first term corresponds to the energy of the atom, the second term to the energy
of the global electromagnetic field and the third term the interaction of this field with the

atom placed between the mirrors.

6.3 Calculation of field modes in cavities

In order to derive an effective Hamiltonian describing the dynamics of the open atom-
cavity system, we need to derive an effective atom-cavity coupling strength from Eq. (6.9).
Therefore, it is necessary to find the modes @, that satisfy the orthonormalisation
condition Eq. (6.2). We perform this calculation taking into account the structure of
the partially transparent mirror of the cavity. First, we will examine the propagation of
light in a cavity with a thin single-layered mirror and then build upon it to describe the
case of multilayered stacks.

Let us model a cavity of length ., as shown in Fig. For the sake of simplicity,
we assume that such a cavity has a perfect mirror on the left side, positioned at x = —¢_,
and a partially transparent dielectric placed at the origin, with a real refractive index n;
and a thickness 6. The dielectric layer thickness has been designed to support a target

wavelength 4. In this structure, the spatial distribution of the electromagnetic field mode
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Figure 6.1: Description of the single-layered cavity model. A perfect mirror stands at
x = —{., delimiting a cavity of length ¢, with a partially transparent dielectric material
fromx =0tox =0.

@, (x) with frequency w = 2rc/A is described by the Helmholtz equation (6.1), with a

relative permittivity structure of the form

1 xe[-€,0]U[8,0)

€ (x) = (6.11)

n% x € (0,6)

Under these conditions, Helmholtz’s equation is solved by a superposition of plane waves

of the form

D, (x) = Apel e VoWxX 4 pmiEVe (6.12)

The distinct solutions are then stitched together by the condition that @, (x) and its
derivative must ensure continuity throughout the points of discontinuity of €, (x), thus
fixing the values of the coefficients A, and A_ for every region. For a single-layered stack,

the solution has the form

D, (x) = Dy in (X)X[—KC,O] + Dy, stack (x) X0, t Dy out (X)X[(S,oo)a (6.13)

following the convention defined by Eq. (6.3). Here, yp represents the indicator function

within a domain D Cc R, i.e.,

1 xe?D,
X (x) =
0 otherwise.

The complete set of orthonormalised modes, described in the three regions, has the
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following form:

2i
oy (x) = <= €T (@) sin [~ (x+fc>],
V2neA ¢
1 iﬂKT(w) —i%Ley i%nx iLe -2l —i%nx
<I)a),stack(x): ece [(6 —re )e : +(7‘1€ cc—e ¢ L)e e ]’

\2ricA  1+n

(6.14)

1 W T w - w .w
(Da),out (X) = (eZI?fC L =X —l?x) ’

e — elct—e
V2acA T*(w)

where A is the transverse area of the mode (a quantity which is calculated when the

mode is normalised in three dimensions), r is the single-layer reflectivity

I’ll—l
n1+1’

r = (6.15)

and T (w) is the cavity spectral response function, which describes the ratio of intensities

between the inside and outside of the cavity with respect to a particular frequency w:

T((.U)ZL),“‘,. (6.16)

1+r(cu)62‘_L1

Here, L1 = (£, + g) T (w) depends on the single layer spectral transmission #(w) and
reflection r (w) functions [147]:

(1 _ r%)ei(nl—l)%d

Hw) = T (6.17)

rl(eZznl _1) —z 6

rw) = T = |r (w)| "), (6.18)
1

which are complex and satisfy the beam splitter relations:

(@) +]r(w)* =1, (6.19)

r (w)t(w) +1* (w)r(w) =0. (6.20)
The squared norm of T (w) can be decomposed as a sum of Lorentzian-like functions,
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having the form

+00

TP=Y & ri(w) , (6.21)
Z«» 2 (=@ + (222)

where

71(@) =~ Inlr(@)] (622)
O = — —(cp (w)+70). (6.23)
Ly

In the high-finesse limit (reached when assuming a fictitious dielectric with a high
refractive index), the reflection coefficient becomes r(w) = rie ™ <9 je @, (w) = — (7 +
26), which tends to —x in the limit of a negligible width ¢ of the dielectric, recovering
the expression for a cavity with negligibly thin mirrors. Additionally, for cavities having
0 < {,, such that L| = €., the squared norm of the response function can be approximated

as follows:

TP~ ) 5 (6.24)

where

T =1 (wp) = -gm I (W) (6.25)
e
Wy = Wy + ch (7T ¢r (wm)) , (6'26)

with w,, = mnc/{.. Under these conditions, the terms in the sum in Eq. (6.24) become
Lorentzian, with each term centred around the resonance frequency @,, and well separated
from each other. Taking this into account we can now write the cavity response function

as

T (w) ~ Z A/ 2’26 - i T, (), (6.27)

m=—oo (w wm) + l_ m=—oo

where every Lorentzian T,,(w) is so narrow that it does not overlap with the other
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Figure 6.2: Description of the considered model. A perfect mirror stands at x = ¢,
delimiting a cavity of length ¢ with an alternating dielectric stack standing from zero.

Lorentzians T, (w). With this result, it is possible to write the coupling strength

between the atom and a cavity with one thin dielectric mirror in the form:

- MY dellegin[2(x4 + , (6.28
Mo mzz_w"/znheofcﬂ e ¢ sin [2(xp +,)] oo &P

In the high-finesse case considered here, £, A happens to be identical to the mode volume
determined by the geometric parameters of the cavity: its mirror separation (or geometric
length, €.), and mirror area, A. However, we emphasise that the mode volume was not
introduced by normalising the field in a perfect resonator of length .. Instead, it is a
result of the finite width of the resonances in Eq. (6.24). To this respect, recovering ¢, only
appears in the case of a long, high-finesse resonator and this may not prevail when such

condition is not met, as we shall demonstrate in the following discussion.

6.4 Field modes for cavities with multilayer stacks

Now, we perform the description of a multilayered stack: We extend our discussion to
consider an alternating stack of two dielectric materials. As before, the first layer has a
width § and a refractive index n;, and the second one a width @ and a refractive index n,.
The stack has 2N — 1 layers: N —1 pairs of dielectrics and one additional layer of index
ni. Because of this, the first and last layers of the stack have the higher refractive index
(n1 > n2)[153]. We do not include in our model a substrate on which the dielectric coating
is deposited, which would normally correspond to a final, significantly thicker, layer of

low index material. An updated cavity model is shown in Fig.[6.2)and the corresponding
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relative permittivity is given by:

1 (. <x<0
n% Ji(0+a)<x<ji(6+a)+0o

€ (x) = : (6.29)
n% (=D (0+a)+d<x< jr(6+a)

1 x>N(+a)—-a

where j; € {0,1,2,...,N—1} and j; € {1,2,..., N — 1}. The cavity is designed such that its
fundamental longitudinal mode is at wavelength Ay, which is also used to specify the
quarter wave dielectric layer optical thickness: 6 = 1g/4n; and a = Ag/4n,. For simplicity,
we will further consider n, = 1. Again, by following the continuity of the field and its
derivative, we solve Helmholtz equation and find that the mode can be described in

terms of the following functions:

Bo(w,x) = elc+e) (6.30)
R R A S
- 1w, xp )+ B (w,x2, )e c Y J even,
NP o LR P R o
T (Bf—l (@,x1,/) =r1B]_, (w,xl,,-)) e Em (1) j odd,
where
-1
=l 5~ (0+a), (6.32)
Xpj = % (0+a)—a. (6.33)
The solution to the Helmholtz equation is then given by
2N
®,, (x) = ZCAJ‘ (w,x) xo» (6.34)
j=0

where j runs over the 2N — 1 possible layers, labelled as Q; C R, C is a normalisation

factor common to all terms and A (w,x) = B (w,x) —B;‘. (w,x). Ag (w,x) corresponds to
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the mode propagating between the two mirrors and Ay (w,x) is the mode corresponding

to the outgoing wave. Additionally, Q; has the form

Qo =[~¢.,0], (6.35)

X2, j, X2 j+a|, Jeven,
Q= SR (6.36)

[xl,j,xl,j +6] , Jodd.

Since we consider propagations of the field outside the dielectric stack to occur in
both directions, for a mismatch of the light propagation frequency w, with the stack
design frequency wo = 27mc/Ap, the intensity of the mode can decay exponentially by
either exiting the cavity or passing through the stack from outside the cavity. In some
cases, the mode passing through the stack can achieve extremal points of intensity within
the dielectric-layer stack. Some examples of different modes with varying values of w are
shown in Fig.

After a mode has been described in the form of Eq. , it is important to consider an
effective transmissivity, reflectivity and response for a multilayered cavity, resembling Eq.
(6.14). Following the normalisation of the modes in (6.34), the inside and outside modes

have the form

Dein (x) = 2ie 26T (w) sin [%(xm)] , (6.37)

siee, T(W) jox  _ier

(I)a) ou = ¢
out(x)=e T (o) e

(6.38)

Here, 7 (w) is the field amplitude ratio of the multilayered cavity, which has the form

o1 L (LA (N=1)(5+)) t(w)

T (w) = (6.39)

By (@) 146 C0eits(@r(w)’

where ¢p(w) = arg(BgN_z (w.x128-1) /By 5 (w,x128-1) ) Here, t (w) and r (w) remain
the same as for the single layer case. By indexing the response functions in terms of

the number N of layers with index ny, it can be shown that the response functions are
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(a) = wy, be = Ao/2 (b) ® = 1.02a, £c = Ag/2

10+

|E| (arb. units)
|E|? (arb. units)

oF \/\/\/\/\/ 4 B
0 N(o+oa)—o 0 N(o+o)—o

X X

(c) @ = 0.98ay, lc = Ao/2 (d) ® = 1.115ay, €. =34 /4
15F 1 60 {\ ﬂ
E
A

0 N({é+a)—o 0 N(6+a)—o

|E|? (arb. units)
|E|? (arb. units)

=3 — %) w B W
T T T T

Figure 6.3: Mode propagation of a wave of wavelength A, for a cavity with a multilayered
stack with an index of n; = 1.25. A perfect mirror stands at x = —(,, forming a cavity of
length €. with an alternating dielectric stack of 21 alternating layers of width ¢ = 1¢/4n;
and @ = Ap/4n;y (ny is taken to be 1). The propagation frequency w =2rc/A is varied to
observe the mode propagation. In (a), the case when €, = 1p/2 and w exactly matches with
the cavity design resonance frequency wy is shown, obtaining the strongest confinement
of light inside of the cavity. In (b) and (c), we can see how the intensity changes when the
propagating light is slightly off resonance. Finally, in (d) we increase the cavity length
to reach £, =340/4 and observe that we achieve resonance coupling when w = 1.1022wy.
Moreover, we can see that in this case the intensity of the light within the layer stack
exceeds the intensity of the light inside of the cavity.
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connected recursively:
12 (LeH(N=1)(6+2))

B (@) =Tn-1(w), (6.40)

such that
H(w)

el c0pidn(w)y (w) ’

TN (w) =Tn-1 (w) -

Fig. [6.4] shows a series of different cavity response functions for varying numbers of layer
stacks and cavity lengths. Here, our model is seen to exhibit the standard behaviour of
an optical cavity by showing a decreased linewidth as the number of layers increases, as
would be expected from increased mirror reflectivity. Furthermore, the free spectral range
of the cavity clearly decreases as its length is increased.

Just as in the case of the single-layered cavity, we can also write the square modulus
of the response function as a sum of Lorentzian-like functions, analogous to the one in

Eq. (6.21):

o0

TP = 3 [ () L 64

Mm=—oco 6|B2N—2(w)|2 (O)—(I)m((.l)))2+(7NT(w))2

where

ynv(w) = —C%, (6.42)
. cm (¢r(w) +¢p(w) +7)
Om = %m —c 5 . (6.43)

The term ¢p(w) in the expression of @, accounts for the multilayer nature of the mirror.
In the single-layered case, this has the simple, analytical form ¢p, (w) =2¢.w/c, which
leads to the expressions in Egs.[6.22]and
As we can see from Fig. the multilayer structure leads to a narrowly peaked
Lorentzian response function. From the individual Lorentzian peaks, it is possible to
(m)  (m)

obtain numerical values for the cavity transmission parameters L, v, ~ and wl(vm) by

performing a numerical fit of |7 (w)|?:
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Figure 6.4: Cavity inside-outside intensity ratio, [in/lout, as a function of the angular
frequency of the light and the number N of layers with index nj, for a cavity with a
multilayered stack with a refractive index n; = 1.25. A perfect mirror stands at x = -,
and there is an alternating dielectric stack with a varying number of N layers of width
0 = Ag/4n; and N — 1 layers of width a@ = 1p/4n, (Wwhere n; is taken to be 1). Both the
number of dielectric layers and the spacing of the cavity are varied to observe different
sorts of cavity response functions: (a) shows €, = 19/2, (b) £, = 1.251¢/2, (c) - =2.51¢/2,
and (e) €, = 640/2,. All of these can be decomposed as a sum of Lorentzian functions in w.
The dashed lines correspond to cavity classical resonances: w,, = mnc/{., where m is the
number of antinodes between the mirrors. The black, solid lines correspond to a)g\,m), the
peak responses followed by the modes. These do not coincide with w,, and are strongly
dependent on the number of layers. (e) and (f) also follow the values of the coupling
parameters, Lfvm)and y,(\,m) for different values of ¢, with L](\,m) — (. for longer cavities.
These values arise from the calculated Lorentzian transmissions and correspond to the

eventual coupling parameters from Eq.
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T (@)= — T o (6.4)

For reasons explained below, Ll(vm) can be called the coupling factor cavity length.

In the case of a single-layered mirror, we obtain the individual Lorentzians by evaluating
the parameters in Egs. and [6.23] at the resonance frequencies @,,. Here, however,
we cannot follow the same procedure due to the complicated nature of the coefficient
|Boy_2(w)|?. Therefore, we apply a numerical fitting to recover the accuracy of the
procedure described above.

We will now examine what happens when we vary the spacing between the mirrors.
By taking into account the multilayer structure of the mirror, we also observe resonance
frequency shifts from the expected resonances, i.e. for a cavity having a mirror spacing ¢,

the expected resonance frequency would be at

Wy =21c] Ay = ﬂzw, (6.45)

c

where m is the number of antinodes fitting between the mirrors. However, the resonance
frequencies that we obtain with a multilayered structure, in general, do not match the
values of w,, described above (see Fig. [6.5). In other words, if in the multilayered case

we write weff = wy, - = tm (¢ /Lefr) for the resonance frequencies, then, in general o is

(m)
N

different from £.. Importantly { is only the same as ¢, whenever £, = pAy/2, where p
is an integer number, then. Moreover, the shorter the cavity, the greater the difference
between wesf and w,,. Moreover, {q is also different from the coupling factor cavity length,

L;vm), obtained from the cavity response function.

Since each term in Eq. (6.44) corresponds to a well separated single Lorentzian at a

(m)

resonance frequency w,

, we can decompose the cavity response function as

(m)

y
T (w) ° il = T (). (6.46)
2L m)\ N
m N (OJ - (,()N ) +IT m
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Unlike the single layer case, this expression for the response function is general; being
applicable to cavities of any length, dielectric layer number and refractive index n;. It is

now possible to write the coupling strength for this case:

(m)

= Yy W w, 1
o= D, N7 Gy de ¥ sin [+ o)) o (6a)
m=—co \ 2R€gLy A (w_wl(\/m))-*_i%

If we compare this result with the single-layer case of Eq. (6.28), we can see that the

expressions are the same, with the exception that for the multilayer case we have Lg\,m)

(m)

v instead of [';,. As the value of Ll(vm) may not necessarily correspond

instead of £, and y
to £, this parameter is given the name of coupling factor cavity length. Similarly, if we
interpret the product L;’,")ﬂ in the pre-factor as the mode volume, it is no longer defined
through the geometric length of the cavity, due to the discrepancy between L](Vm) and £,.

(m)
N

Over the width 7](\,"1) of a single Lorentzian, w is close to w); * and varies very slowly,

therefore we can further approximate the mode selective coupling 1, as:
(m)
Yy 1

D) (m) *
d (w—wgvm)) +i7NT

delesin[2(xa+0.)]

(6.48)

6.5 Calculation of an effective Hamiltonian for cavities
with multilayer stacks

Previously, we derived a Hamiltonian describing the global closed system consisting of an
atom, cavity and environment. Now, our goal is to extract an effective Hamiltonian to
describe the dynamics of the open atom-cavity system. This extraction has been studied
in the literature for the single-layer case [150]. Given that the quantum information
processing, retrieval and storage of single photons all happen within the limited scenario
of a single excitation within the cavity [24]], in the proceeding analysis we limit the Hilbert
space to a subspace containing the excited atom state |e,0) and the single excitation of

the cavity in a superposition of frequency modes around the resonance frequency w,,
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Figure 6.5: Calculated Inside/Outside intensity ratio using the electromagnetic propagation
of the mode versus mmc /¢, shown in white, dotted lines. When cavities are very short, the
mismatch is appreciable and the maximum inside/outside ratio lines predicted classically
differ significantly with respect to the mode prediction. We can see that, only at the points
where we have a cavity of length £, = pAo/2, where p is an integer, the predicted and
actual lines match.

|g, 1,n). To write the effective Hamiltonian for such a system we define the following

operator:

am = — dw Nym Ay, (6.49)

The definition (6.49) allows one to transform the continuous model (6.10) into a discrete

one, and to define the single photon excitation around the resonance frequency wl(vm) as

[ L) = ap|0).
It can be shown that g, is a normalisation constant given by (see the Appendix[A):

 sin [@(m +£)]+0 (62), (6.50)
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(m) xa+Le

N <. The width 7’1(VM) decreases with a

up to an error of the order €, where e =y
greater number of layers and cavity length, hence € becomes smaller (see Fig.[6.4) and the
approximation is well validated.

Assuming that only one of the cavity modes at a)l(\,m) is close to the resonance frequency

w4 of the atom, all other modes can be safely disregarded and the effective Hamiltonian

then reads:
y(m)
o = hwab 6 + (hwl(vm) - zh%) O ap +iligmOydm —ihg 6 al (6.51)
where wgvm) —Wp < wgvm), gm is the coupling of a single cavity mode a)l(\',ﬂ) with the atom

and yl(vm) is the width of Lorentzian centred at the resonance frequency a)l(\,m). This non-
Hermitian Hamiltonian is a consequence of tracing out the environment to stay only with
the dynamics of the cavity.

The expression looks similar to the atom-cavity coupling for a perfect cavity, i.e.,

if we write the perfect cavity Hamiltonian with zero boundary conditions at the mirrors

gm =1, /%“Tmﬂde"“i—r’"fc sin [22 (x4 +£,.)], (6.52)
C

which is different from (6.50) by an error factor O (€2), again, due to the mismatch between

we obtain:

{. and LZ(\',") and w,, and a)](\',").
For the more general case, when the atom is not necessarily on resonance with the
cavity, (i.e. we consider the states |e,0), |g, 1), as well as |e, 1) and |g,0)), it can be shown

that the Hamiltonian (6.51) becomes:

(m)
A ~ o~ Y o~ ~ —~
Heg =hwpso,0_+h E (wj(\'?)—i%)a;zamﬂgmo;am
m

- l'g;;a'_Zl\,L + igm&—a\m - igjn&+a\Tm, (6.53)
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where

(6.54)

6.6 Conclusions

We have examined light-matter interaction in optical cavities delimited by multilayered
dielectric mirrors using a model where no assumptions over the longitudinal constraints of
the field have been made. The analysis of the multilayer structure allowed us to perform a
more realistic description of the effective cavity length and corresponding mode volume.

The effective cavity length £, as defined in the literature [[143, 154} [155]], determines
the cavity resonance and, as we have shown in this chapter, does not correspond to the
coupling factor cavity length L](\,m) used for determining the strength of the cavity-matter
coupling. Due to the overlap of several Lorentzians in |7 (w)|* and to the propagation
of the mode within the dielectric stacks, we have found that these two lengths may not
correspond to each other whenever a multilayer structure is taken into consideration.
Additionally, the resonance frequencies through which £ is defined no longer coincide
with the expected resonances at integer multiples of ¢/(21.). In other words, £ is different
from the geometric cavity length €. unless the latter is an integer multiple of 1¢/2, where
Ao is the stack design wavelength. A pronounced side effect of this discrepancy is that
the most common approach [45] for determining a cavity length by means of measuring
its free-spectral range is bound to fail for very short cavities. This has been observed,
for example, for optical nanofibre cavities [156]. Indeed, the actual geometric length of
the cavity encompassed between the mirrors might differ substantially, even orders of
magnitude, from the one measured using the free spectral range of a cavity, something
evidenced by Figure[6.4(e). This difference may be of importance in applications where
the cavity spacings used are very short and the mirrors are made of dielectric coatings
[157,158] .

The standard model for light-matter interaction in optical cavities considers the mode

volume of the cavity to be the product between the longitudinal extent of the mode
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(considered to be only the separation between the mirrors) and a factor accounting for
the transverse behaviour of the mode [48]]. However, here we have shown that this is only
valid if the mirrors can be seen as hard mode-delimiting boundaries. Any physical cavity
is very different to that respect. The mode penetrates into the dielectric mirror stack,
couples to the outside and the light frequency is not quantised in these open systems.
However, even though we don’t explicitly consider a mode volume, we show that the
atom-cavity coupling involves a factor having the unit of volume. Only in the case of a
perfect cavity having hard boundaries at the positions of the mirrors, this factor coincides
with the geometric definition of the mode volume. In the multilayered case, however, this
factor does not necessarily correspond to the geometric volume of the cavity, particularly
due to the discrepancy between the geometric length ¢, the effective length {. and Lj(vm).

Specifically, for a cavity with a mirror spacing £, = 1o/2, the effective cavity length
Lefr coincides with £., however the coupling factor cavity length does not: L%) ~ 3.06(. .
If we increase the mirror spacing, such that £, = 1.81¢p/2, then for the other parameters
we obtain: £ = 0.53(. and L%) ~ 2.4(.. As expected, for longer cavities the discrepancy
between these terms decreases, e.g., when ¢, = 30.81¢/2 we obtain £ ~ 0.97¢, and
Lig) ~ 1.09¢., where g is the number of the mode with highest amplitude. This discrepancy
between the coupling factor cavity length L;Vm) and geometric cavity length £, can lead to
a Purcell factor different from the one calculated by using a standard approach, especially
with short mirror spacings.

Eventually, from the general quantised field we extract an effective Hamiltonian
describing an open cavity system. From this we explicitly calculate the atom-cavity
coupling rate both for on- and off-resonant behaviour. This quantisation from first
principles of more realistic open cavities is a preliminary step for considering the complex
dynamics featuring a laser-driven atom in such cavities. Work from our collaborators
in Dijon is ongoing to derive microscopic models [[159] for controlling photonic states
produced from such cavities [96]].

We also note that submicrometric confinement of light in (dissipative and dispersive)
metallic media gives rise to surface plasmon polaritons that can be used for quantum

optics at nanoscale [160]. Albeit these are no multilayered structures, the construction of
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quantised models taking into account the resulting losses follows a similar approach and
is based on a microscopic oscillator model for the medium coupled to the electromagnetic
field [161] with a particular care for finite-size media [162,[163]].

In the future, we expect the presented method to help us describe the leakage of single
photons in the cavity to the environment. Additionally, we consider this chapter and the
publication it is derived from [[139] to be useful for researchers which use emitters inside
of short cavities, where this effect is manifested. Some of the following are potential
applications: Coupling of ions [145] and atoms to fibre-tip optical cavities[[164], quantum
dots[[165]], NV-centres [[142, 157, [166]], the use of two different frequencies within a short
multilayered cavity [167] and, in general, whenever there is a very short cavity that couples
strongly to a discrete quantum emitter. In sum, the substantial deviations from the simple
model discussed here would make it impossible to establish strong coupling unless these
corrections were considered. Finally, these results could also prove useful for the spectral

characterisation of devices with multilayered structures[147].
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Outlook and conclusions

The goal of this chapter is twofold. The first part will discuss the potential avenues for the
improvement of single-photon sources using atoms in high-finesse cavities. The second
part will provide concluding remarks to understand the contributions of this work to the

greater context of the field.

7.1 Perspectives

In this thesis, we have shown several methods and avenues to improve the efficiency in
the production of single photons using atoms in cavities, with the aim of having sources
that enable the production of continuous streams of single photons with high efficiency.
In this section, we will describe some of the future avenues enabled by this work, with the

aim of pushing atom-cavity based single-photon sources to higher limits:
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7.1.1 Experimental implementation of repumping methods

So far, an analysis of the methods necessary to improve photon generation efficiency with
the stochastic loading of atoms in high-finesse cavities have shown significant theoretical
improvements in the generation of continuous streams of single photons. In the near
future, we expect to implement the repumping methods presented in Chapter[5] as the

required components and devices are already present in the laboratory.

7.1.2 Implementation of high-cooperativity cavities

One of the most important conclusions from Chapter [5] has been that, for the D, line of
87Rb, cavities with cooperativities of C 2 10 are already at the limit of photon production
efficiency due to the mixing of levels at the detunings and magnetic fields applied. In this
sense, new cavity prototypes existing in the laboratory promise to reach the upper limit
of photon generation efficiency in the D, line. When combined with the novel driving
schemes that would permit the generation of polarised single photons without the need
for splitting the atomic magnetic structure. The implementation of photon generation
schemes using the novel cavity architectures would represent great improvements for these
sources. This is especially interesting, as it has been recently seen [109] that entangled
multi-photon states generated from a single atom can be more resilient and scalable than

those produced by other photonic platforms.

7.1.3 Interfacing of cavities and dipole traps

The most recent cavity designs have been made with the specific intention of interfacing
a dipole trap to load an atom within an optical cavity. In view of the fact that the current
implementations of single-photon sources rely on the probabilistic loading of atoms in the
cavity, an interfacing of a dipole-trapped atom with a cavity would enable the realization
of fully deterministic single-photon sources.

Novel designs that enable the loading of atoms in miniaturized pyramid MOTs in-
terfaced with high-cooperativity cavities are being tested by Mark IJspeert and Chloe
So.
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7.1.4 Cavities resonant to the D; line of *’Rb

The D line of 8’Rb, with a higher energy separation of its excited levels, would enable a
more reliable generation of polarised photons in alternating driving schemes such as the
ones discussed in this thesis. This is a challenge in itself because the coupling strengths
in the D line are much weaker than those in the D; line. Whilst this could be partially
compensated using stronger driving fields, a much smaller cavity is required to reach the
same coupling strength.

Previous analyses [37,63] have shown that the generation of single photons on the
D line would only be viable when driving the atom near the |1;(F’ =1)) level, but even
in this case the current cavity design used for producing polarised photons does not reach

the strong coupling regime that would enable a reliable source.

7.1.5 Demultiplexing and (n > 2)-photon interference

Complex optical networks require the use of multiple inputs and outputs to produce
quantum unitary operations. One example of such networks is a multimode interferometer,
in which the input modes are connected via a unitary operation to the output modes.

Previous work in the group has dealt with generating quantum logic operations such as
a controlled NOT gate, demonstrated in 2015 [61]], as well as examining the time resolved
interference of two photons sent through a multimode interferometer [27].

In the future, the group intends to perform similar experiments with multiple single
photons. We hope that the combination of the current demultiplexing methods and the
novel techniques for improving photon repumping will enable the generation of streams of
multiple photons that enable the time resolved interference of multiple photons without
relying on random routing, something that can be done for four photons with the current
devices in the laboratory, and easily scalable to the time resolved interference of eight

photons.
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7.1.6 Reabsorption and quantum networks

All elements required to realise a quantum network between atoms in separate cavities
are readily available in the laboratory. As mentioned in Chapter[3] the light sources have
been made with the specific purpose of simultaneously driving and locking two cavities.
Whilst this idea has been implemented by a small set of research groups in the world, the
high degree of controllability used in our sources could enable the tailoring of photons
that can be easily absorbed by a remote atom in another cavity.

In a similar vein, the idea of entanglement swapping by means of a joint measurement
on photons that are themselves entangled with atoms left behind is very promising and
in reach with the present setup. It is going to result in a quantum state reduction leaving
a pair of entangled atoms behind, and thus represents an elementary quantum network

link for establishing remote entanglement.

7.1.7 Photon-bin entanglement

Let us consider the interference of three doubly-humped photons into the input ports
of a beam splitter, following the pattern shown in Figure[7.1] Each of these photons is
characterised as having a creation operator split into early and late temporal modes, or time
bins. Two photons enter the input port A of a beam splitter in modes a' = (di +d;) /N2
and ' = (d§+d1) /V2. Here, the subscript associated with each operator corresponds
to the time interval in which each photon is meant to appear. Simultaneously, a photon
overlapping with the second interval of the first photon and the first interval of the second
photon is sent through the input port B: it occupies mode b’ = (l;§+13§) /N2.

After passing through a 50:50 beam splitter, the modes will follow the beam splitter
relations and occupy modes ¢ and d': each of the creation operators in mode i will be
split such that the output operators are written as

T T T T
At a +bl. . a —bl._

i \/i’i_\/i’

It would be possible, following the ideas of Chapter[4] to extend the time resolved
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B D

?figurename? 7.1: Interference of three non-simultaneous arriving photons, with the aim
of entangling the first and the fourth bin entering through the input port A.

interference of photons on a beam splitter to the interference of three photons. In this
case, a partial measurement of the system would enable the generation of an entangled
state between two photons emitted on the same rail.

By performing the measurement of the two photons on the central time bins (2,3)
that interfere with the first and the second photon on port A, it would be possible to
entangle the two photon humps in the first and last bin (1,4). The entanglement would
be mediated by the photon in the lower spatial arm, entangling two photon peaks that
were never in contact. The measurement outcome would determine the phase of the final
state:

ST gy At
ap +e 23“34) |0),

1

Went) =~
where ¢»3 is zero if the two detectors that fired are equal, and 7 if they are different.

This could be useful to extend the time extent and coherence time of a single photon.

It should be noted that d: and &1 are non-overlapping temporal modes of the same
input channel. However, with all processes being relatively slow compared to active
polarisation switching elements, these two modes can be easily captured and sent to
different spatial modes, with appropriate delays to have them available simultaneously
if desired. Thus the entanglement of temporal modes could be mapped easily to spatial

modes.
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7.2 Conclusions

This thesis has shown the physical principles and experimental methods required for
generating polarised and non-polarised single photons using atom-cavity systems. The
device is tunable, controllable and well-understood, enabling an excellent degree of control
over the interaction of single atoms and single photons that are emitted with it. This
is evident from the results and ideas presented in Chapter 2] which showed how atoms
embedded in cavities can be used to produce single-photon sources, and from Chapter
which listed all the devices and techniques used in the laboratory to control and
characterise the photons produced by the source.

This degree of control is noticeable in the generation of long single photons with
controllable amplitudes and phases, enabling the implementation of feedback protocols
that allow for changes on a single-photon wavepacket’s tail whilst its head is already
measured. This has enabled us to examine and reevaluate the concept of what a single
photon is: since the notion of a photon being a single excitation of an optical mode holds
even if that mode is not well defined or subject to changes while it is already under
observation, this gives an experimenter the power of influencing the temporal evolution of
quantum systems. This has been evident from Chapter[4] where the implementation of the
feedback protocol has not induced additional losses in the coherence of the emitted single
photons. Although the feedback experiment has been performed using the non-polarised
source, its results would be equally valid for a polarised source, and this one has been
introduced to highlight future developments in the design of better, more standardised
single-photon sources.

Due to a more thorough understanding of the role of the atomic structure of 3’Rb and
its role in the efficiency limitations of single-photon generation, it would seem that the
cavity designs that are to be implemented in the near future are reaching the limit of
what an atom-cavity source can do with the D, line of 8’Rb. This was clear from Chapter
where simulations were performed to demonstrate the efficiency limitations of the
D,, opening the way for experimentally implementing polarised single-photon sources

which are more robust to strong magnetic fields. While this is still several years away
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from fruition, the results achieved in this chapter could be used to improve the already
existing sources, by potentially exploring other atomic transitions (such as those from the
D1 line of 37Rb). At the same time, these results could be useful for other platforms which
generate single photons using emitters embedded in cavities, such as ions [94], quantum
dots [[168]] or defects in diamond [[169]. Most of these results are soon to be implemented
in our laboratory, with most of the experimental tools and devices already available.

Finally, in Chapter[6|we have also examined theoretically the models of atom-cavity
coupling when considering the dielectric structure of the mirrors that confine the cavities,
obtaining results that explicitly show a mismatch between the geometric length of the
cavity and that one which can be estimated using the free spectral range of the cavity.
This constitutes an important step both in theory and experiment, where atom-cavity
coupled systems may need to take into account the design of their mirrors to accurately
understand the coupling between a single emitter and the cavities it is embedded in.

All of these ideas and results show that there is still ample room for improvement, with
a better understanding of single-atom single-photon interaction enabling us to implement
more efficient, scalable and complex light-matter interfaces. The developments performed
in this thesis could be useful for ensuring that future light-matter interfaces inside and
outside the research group are able to operate at scale and improved, something which

could be important in the event of future commercial exploitation.
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Appendix for Chapter 6

A.1 Reference table for wavelengths

For the purposes of future reference, we list here the parameters used to characterise our

system:
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Definition \ Notation
Mirror stack design wavelength and angular Ao, wo = ZALO‘
frequency.
Propagating light wavelength and angular ALw= %
frequency (continuous).
Geometric cavity length .

Cavity resonance wavelength and angular Ay Wy = 2ZE = T
An L
frequency.
i _,(m) _ cm
Actual cavity resonance angular frequency, Weff =Wy 5 Leff = 5

leading to a resonance effective length.

Coupling factor cavity length. L](Gn)

?tablename? A.1: Relevant notations for the different wavelengths and frequencies within
the atom-cavity system. The index m corresponds to the number of anti-nodes of the
wave between the mirrors, and N to the 2N — 1 dielectric layers.

L] . 2 L]
A.2 Derivation of |T (w)|” as a sum of Lorentzian func-

tions

As shown by Eq. T (w) has the form

t(w)

29 (L+8)”

T (w) = (A.1)

l+r(w)e
By writing the square modulus of T'(w) from Eq.[6.16, and using the conditions of Egs.
[6.19)and[6.20] we get

1—|r|2

=i A2
|1+ |r|e'®|? (A2)

rle®
|

T(w)|]> = - :
| (w)| 1+|r|e"‘I’

-

where for simplicity we have not written the dependence of r(w) on w, and we have used
the following notations r(w) = |r|e!®(“), and ® = 2¢L1 +®,(w). Using the geometric

series formula

(A3)
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we can write the above expression for the response function as follows

+00
IT(w)|* = 1+Z |r|n(6in(®+n) +e—in(fI>+7r))

n=1

+00
= Z | |17 (@) (A.4)

n=—oo

We further apply the Poisson summation formula, which states that

S m= Y [ v e - S fm (A3)

n=—0o m=—oo

where f(m) =F,, [f(x)] is the Fourier transform of f(x). We apply the Fourier transform

to the function

f(x) — |r||x|eix(<l>+7r) — e|x|ln|r|+ix(<I>+7r)

and obtain
2a
F, =—7, A.6
[f] == (A.6)
where a = —In|r|, « = ®+ 7 —27m. Hence,
~ —2In|r|
= . A7
Fm) = )+ (@4 )~ 27m)? (A7)
We further expand this expression by writing the explicit expression for ®:
~ —21In|r|
f(m)= (A.8)

(In|r))2+((2LLy + @, +7) - 27tm)?’

and multiplying both the numerator and the denominator by (c¢/2L1)? we find the

Lorentzian structure of the cavity spectral response function, still having the param-
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eters @, and y; depend on w:

+00

T@P= > 5 nw (A9)
= S (= G ()2 (252

y1(w) = —Lilln|r(w)|, (A.10)

O = Z—Tm—ziLl(cpr(w)M), (A11)

A.3 Derivation of the effective Hamiltonian

In order to extract the description of the atom-cavity open system, we first solve the

Schrodinger equation
L0 N
ih— I () = Hy (1)) (A12)
If we put the Hamiltonian of Eq. [6.10]and the following wavefunction
+00 . .
Y (1)) = /o dw (e™cg1(w,1) |8, 1) +e™ e o(1) |e,0)) (A.13)

into Eq. (A.12), where |1,,) corresponds to the single excitation of a mode @, i.e. |1,) =

dZ,|O), we obtain the dynamical equations for the coefficients cg 1 (w, 1), ce0(t) [152]:

Cor(w,t) =— Z nz’mei(“’_“’A)tce,O(I), (A.14)
m

+00
o= [ do Y e ey (@20 (A15)
0 m

In order to trace out the continuous degrees of freedom from the dynamics, we define the

integrated, mode-selective probability amplitude:
(m) 1 +00 )
Cg’ﬁ (1) = g_m'/o dw Uw,me_’(‘”_‘“)’cg,l (w,1). (A.16)
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We now write the time derivative of this quantity, using the property

nZ),mnw,m’ = Omm’ |77w,m |2, (A1 7)

which is a consequence of the fact that the response function is a sum of narrow peaked
and well separated Lorentzians. Using this property we get the equation of motion for the
m-th mode, using the integration of Eq. (37) and inverting the order of time and frequency

integration:

) .(m0 1 o
=" =— | doloneco(n)
8 8 8m JO

. 1t 400 (A18)
l ’ ’ 2 —i(w-wp)(1-1")
+— dt Ce,O(t ) dw'nu),ml (w_wA)e
Em Jo 0
where we introduce the time derivative of the initial time defined as follows:
( 0) 1 +0o0 .
Cg’,nl’ = dw nw’me—l(w—wA)tcg’l (w,0). (A.19)
8m Jo
Two integrals appear in (A.18):
+00
I = / dw [Neo.m|*, (A.20)
0
+0o i ,
L= / dw [epm| (@ —wy)e (@@= (A.21)
0
which can be evaluated using complex contour methods, and in the limit of € = yl(vm)x*‘TH) <

(m)

N Ll(vm) and a)l(\,m) we omit the index indicating

1, we obtain (here after in the parameters y

the number of layers)

w™|d|* . 2[ w'™
1= 2

= ———SIn
hE()ﬂL(m)
w™ |d|2
2=T——— 8
heg ALM

(xa +€C)], (A.22)
c

(m)
in’ [2(» (xa+¢.)
c

(m) m
(A’" ! %) o nPTD) (A.23)
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where A, = 0™ —w 4. We note that, since we defined gm as the normalization coefficient

of (A.16), then the integrals Z; and 7, become

= lgml*, (A.24)

(m) ) o (m) ,
Izzlng(Am—i—yz )e"“m"’TW"), (A.25)

w w w
:'w/—dl c lesi +4
8m =1 e AL™ e Sm[ c (xa+t.)

Having obtained the expression for g,,, we can now rewrite the dynamical equation

(A.18) as follows:

with

+0 (62) . (A.26)

,0
) =0 — g e 0(1)

t my (A27)
+ig§1/ dt’ce (1) (Am_iVT)e—l(Am—ﬂz )(1—t")
0

If we formally integrate equation (A.14) and put the result in (A.16)), it can be shown that

t o
()= =g, / dt'coo(1')e Bn=T) 1), (A.28)
0
hence Eq. (A.27) becomes

(m)
) = e () - gmf:eo<f>"( "%)W%n ). (A29)

Considering that at initial time = 0 the atom is in its excited state and there is no photon

in the cavity, we finally get the following set of dynamical equations

(m)
;W;)—_g;ce,O(Z)_i(Am_ly ) (m)

2 o1
(A.30)
Ce0= ) gmel (1),
m

157



which then yields that for the state described by the wavefunction
() =>"c" g, 1) +ceo(t) le,0) (A31)

the Hamiltonian can be written as

A (m)
R =1 Y (8017 laXaly laXaly 4 0oL, laXaly =5 loXorllaXal,

(A.32)

where d,, is defined in (6.49). Finally, we can write the effective Hamiltonian back from

the rotating frame, via the transformation:

R =exp (iwat(o X, o)+ ) la)al, laXal,)) (A33)

leading to an effective Hamiltonian describing the dynamics restricted between the mirrors:

(m)
$ .Y T
At =T lo)o ool +h ). (w<m> - 17) laXal,, laXal,
m
. .k f
+igm|o)ol,laXal, —igyloXo|_laXal,. (A34)
It can be shown that in the case where we have off-resonant atom-cavity coupling,
the effective Hamiltonian can be written as follows

(m)

Y

A= hoaloXorl el +1 Y (o =25 loXal, laXaly +ign oo la)al

~igh ool la)al, +ig_loXe|-laXal, ~ig" loXol, a)(],. (A35)

(m) () (m)

w w w

— d* ITKC Sn +g
Em ™! VheoL(m).?{ ¢ ' [ c (¥a+tc)

where

+0 (62) . (A.36)
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Code availability

Due to pending publication (as of February 6th, 2023) of material in Chapter 5] the code
will be made available after the material in this chapter has been published.

The codes available for the rest of this thesis are available in the following repository:

https://doi.org/10.5287/bodleian:VJIBjeOgxY.
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