Polarised Single Photons from a
Cavity-Enhanced Atom-Light Interface
in Photonic Quantum Networks

A thesis submitted for the degree of Doctor of Philosophy

THOMAS BARRETT

BarLLiorn. COLLEGE

UNIVERSITY OF OXFORD

HiLAry 2018



To Mum, Dad, Jenny and Caitlin.

I couldn’t have done it without you and I wouldn’t want to try.



Polarised Single Photons from a
Cavity-Enhanced Atom-Light Interface
in Photonic Quantum Networks

Thomas Barrett, Balliol College
Department of Physics

Thesis submitted for the degree of Doctor of Philosophy
at the University of Oxford, Hilary 2018.

Abstract

For quantum computation the efficient preparation and connection of mul-
tiple qubits must be addressed. This includes linear optical quantum com-
putation and quantum networks of stationary nodes interlinked by flying
qubits. A quantum emitter coupled to a single mode of the electric field
is a versatile tool, with the potential to provide the on-demand generation
of single photons or a matter-light interface in a quantum network. This
thesis presents the construction and characterisation of an a priori deter-
ministic single-photon source using single 8’Rb atoms coupled to a high fi-
nesse optical cavity. These photons show a high degree of indistinguishability
and long coherence times with a two-photon Hong-Ou-Mandel visibility of
(70.8 £ 4.6) % over the entire interaction time of 300ns long photons, fur-
ther increasing to > 97.8 % by post-selecting only detection events within
23 ns of each other. No degradation of performance is observed when inter-
fering these pairs through a 4x4 multimode interferometer integrated onto a
photonic chip with non-classical correlations measured between photon de-
tections orders of magnitude further separated in time than the propagation
time through the chip. The production scheme for polarised single photons
is considered in detail. Cavity birefringence is found to alter the polarisation
state of the emitted photons and a novel model to incorporate this effect is
presented. Further deviations from a simple coupling model are observed in
the modified hyperfine atomic structure in the intermediate strength mag-
netic fields required for polarised photon emission. The behaviour in this
regime is modelled and shown to explain previously unresolved observations
of the asymmetric production efficiencies of orthogonally polarised photons.
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Chapter

Introduction

Nature isn’t classical [...] and if you want to make a simulation
of Nature, you’d better make it quantum mechanical, and by golly
it’s a wonderful problem, because it doesn’t look so easy.

R. Feynman [1]

Classical computation — that is the use of bits with binary states to con-
tain and process information — is fundamentally limited. The modelling and
simulation of real world systems has been and remains fundamental to the
advancement of our scientific understanding. In general, computational ad-
vancements allow our models to become more complex and more precise
by handling ever increasing multiplicities of significant figures and variables.
However there is a catch when we use a classical system, with its binary
states, to simulate a quantum system, with the superpositions of states that

describe it.



Richard Feynman was an early proponent that this problem of simulating
quantum mechanics may be better tackled with a quantum machine. He
argued that the number of classical configurations required to describe a
quantum system grows exponentially with the size in the system, fundamen-
tally limiting a classical approach to such problems [1]. The alternative, these
quantum machines, can be considered as having quantum bits (qubits) with
two states, 0 and 1 by convention, much like classical bits. However, unlike
their classical counterparts, qubits can also be in any linear superposition
of these two states. As well as the insights and advancements that could
be gained from using quantum simulators to model quantum systems, this
approach is also of interest beyond scientific modelling. This exploitation of
quantum nature also allows for greatly increased performance in certain tasks
— Shor’s algorithm, finding the prime factors of a number, being a commonly

referenced example [2].

The challenge remains, how to construct such a device. Classically bits are
realised using electronic circuitry, such as transistors, with high and low
states. Qubits however require an element that can be placed in a quantum
state and research is ongoing into a wide range of candidates — including single
photons [3-5], trapped ions [6-8], Nitrogen-vacancy (NV) centres in diamond
[9-11], quantum dots [12-14] and superconducting devices [15-18] to name

a few — with each having its own advantages and disadvantages.

Consider photons, their nature is such that the processes through which they
interact are relatively weak [19], which means the coherence time of a pho-

ton in free flight — the time for which they retain the information mapped



onto them before interactions with the environment corrupt or destroy it —
can be favourable when compared to more strongly interacting qubits such
as the solid-state candidates previously mentioned. Moreover any complete
quantum information infrastructure must allow for the transfer of informa-
tion between different computational nodes in a network, or even over much
longer distances between different networks. To this end the speed of photons
travelling down optical fibres makes them an obvious candidate for providing
these links [20] (no one wants to be physically moving hardware around to
send and receive information!). However the weak interactions of photons
is also a source of difficulty when it comes to performing operations on a
qubit. It was believed that this required the inclusion of some non-linear ele-
ment, such as the (still very weak) cross-Kerr effect [21-24], until 2001 when
Knill, Laflamme and Milburn showed that universal quantum computation
could, in theory, be achieved with only linear optical elements, single-photon
sources and single-photon detectors [25]. Their approach, relying on the near
deterministic realisation of probabilistic gates by the use of entangled photon
states and quantum teleportation, can be resource inefficient but the prob-
abilistic realisation of quantum logic in linear optical quantum computing
(LOQC) was soon demonstrated in 2002 [26], with a probabilistic controlled-

NOT operation following in 2003 [27].

The advancement of integrated photonic circuits to replace bulk optics [28]
began to address the issue of large optical apparatus being required to realise
even simple operations, but any truly scalable realisation also requires a

near-deterministic source of single photons in well defined quantum states.



Sources based on spontaneous parametric down conversion (SPDC) in non-
linear crystals [29] are widely used for proof-of-principle LOQC experiments.
The crystals split an incoming ‘pump’ photon into pairs of output photons,
with the detection of one of these (the ‘signal’) heralding the presence of the
other (‘idler’). This pair generation occurs with a very low efficiency (~1077)
and so is inherently limited in its suitability to both producing many-photon
states and doing so ‘on-demand’ (though multiplexing many SPDC sources
is one approach to mitigating this limitation [30-32] and by doing so many-

photon interference experiments have been demonstrated [33, 34]).

An alternative to entirely optical quantum computing is to combine different
species of qubit, utilising each for what it is best suited. Highly controllable
qubits on which to perform the operations of the quantum computer can
be chosen and, to transfer information around, these computational nodes
can be linked with ‘flying’ qubits in the form of photons. Trapped ions are
currently considered the most likely candidate for these nodes, with a demon-
strated average single-qubit gate fidelity of 99.9999 % [7]. This is the basis
of the Q20:20 quantum engine proposed by the Networked Quantum Infor-
mation Technologies (NQIT) hub (led by the University of Oxford and part
of the UK National Quantum Technologies Programme that was announced
in 2013 [35]) which is targeted to be a scalable network of 20 quantum pro-
cessors, each containing 20 qubits. The challenge remains however, how do
you interface these photons with the qubits in the nodes in order to map

information from one to the other.

This thesis is focussed on the construction and study of system that addresses



a difficulty shared by both LOQC and the hybrid Q20:20 engine — an atom-
photon interface where the fine control that can be realised on atomic states
is coupled to a well defined mode of the electromagnetic field. Towards
LOQC this is a single-photon source, providing unparalleled control over the
emitted photon [36-41]. A photon emission is of course one direction of the
interface required by the hybrid system, the other is mapping a photonic
state back onto the atom. Conceptually this is simply a time-reversal of the
emission process, however nuances in the physical realisation make it trickier

to achieve.!

This interface is realised using a high finesse cavity, strongly coupled to an
atom or ion to greatly enhance their interaction with a particular optical
mode. Tons have the additional complication of interacting with the residual
charges on the dielectric coatings of the cavity mirrors — this being the sub-
ject of other work in the NQIT hub, particularly that of Matthias Keller in
Sussex [43, 44]. Moreover, although other species of qubits have also been
analogously coupled to high finesse cavities, such as quantum dots [45, 46]
and NV centres [47, 48], the inhomogeneity of these engineered emitters gives
rise to a distinguishability in the photons they produce. Atoms however (as
they are neutral), do not experience an interaction with the cavity mirrors
and are inherently identical, making them ideal for use in probing the pos-
sibilities and limitations of methods to manipulate coupled emitter-cavity

systems.

For a discussion of this see [42]. In essence, the imperfect emission probability of a
photon from the atom leaves some distributed population in the system at the end of any
non-infinite emission process. Perfect time-reversal then necessities that this population
distribution already be present when the absorption process begins.



The system discussed in this work is considered as a single-photon source.
Chapter 2 provides an introduction to coupled atom-cavity systems and,
specifically, how they can be utilised as a quasi-deterministic single-photon

emitter. Chapter 3 then details the realisation of this scheme.

Next the performance of the source is characterised in chapter 4, initially
by considering the statistics of the single-photon stream emitted. The in-
distinguishability of these photons, a key property if they are to be used to
provide many-photon states for LOQC, is then measured by observing the
interference of photon pairs simultaneously incident on a beam splitter (a
Hong-Ou-Mandel experiment [49]). Further application of these photons to
quantum information processing (QIP) is then presented in chapter 5 where
the source is combined with a multimode interferometer that is integrated
onto a photonic chip. Characterising the chip using coherent light allows
us to predict the non-classical interference of indistinguishable photon pairs
provided by the source as they pass through the chip, which is then compared

to the measured behaviour.

Finally we turn our attention to interesting and unexpected effects that were
observed in our system. Chapter 6 presents a novel model for handling the
coupling of an atom to a cavity of non-negligible birefringence. This model
is tested by comparison to the measured behaviour of our system, and then
used to infer the general implications of such birefringence — in particular on
a system such as ours in which magnetic sublevels of the atom, with their
defined polarisations, are coupled by the cavity. Lifting the degeneracy of

these sublevels, in order to address them individually, necessities the atom



be in an external magnetic field. However it was found that this field also
causes mixing of the hyperfine atomic structure, resulting in a breakdown
of the expected hyperfine energy levels and coupling strengths. Chapter 7
discusses how this can be modelled, before once again considering how it

impacts our system.

To conclude the major results and future prospects for this work are sum-

marised in chapter 8.



Chapter

Principles Ot The Source

This chapter details the theory underpinning the single-photon source that

has been built.

Section 2.1 provides an introduction to the properties of optical resonators
and how they couple to a single atom. Simple two- and three-level atoms are
considered and it is shown how coupling the latter as a A-system allows for

population transfer between two ground levels, producing a photon.

Section 2.2 expands on this system, describing how a V-STIRAP process
can be used to produce a single photon in a well defined quantum state. This
process lies at the heart of the source and, after it is discussed in principle, a
brief history of its practical applications in the lab is provided. This context

allows us to conclude by discussing the precise scheme we chose to implement.
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2.1 Introduction to cavity QED

Cavity Quantum-Electrodynamics (cavity QED) studies the interaction of
quantum emitters — typically and in our case consisting of an individual atom
— with a single mode of the electromagnetic field. A photon is the quantum
of the electromagnetic field, the smallest possible excitation, and in nature
the interaction of single or few photons with matter is weak. Moreover,
in free space the electromagnetic field is made up of a continuum of modes,
supporting any and all frequencies of light. An optical cavity surrounding the
emitter can be used to effectively isolate a single mode and greatly enhance

this interaction.

2.1.1 Fabry—Pérot cavities
Transmission and enhancement

A Fabry—Pérot cavity is an optical resonator consisting of two surfaces be-
tween which light is reflected back and forth many times. For certain resonant
frequencies this sets up a standing wave where the power of light incident
on the cavity is multiplied inside the cavity by a factor F, the finesse. A
simple cavity can be modelled as shown in figure 2.1a, using mirrors with co-
efficients of reflection and transmission as R; and 7T; respectively, related by
R; +T; = 1, separated by a distance L.,,. For an incident light field Ej, the

transmission can be found by summing the individual terms at the output
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Figure 2.1: (a) Transmission of an incident electric field after consecutive round
trips of a Fabry—Pérot cavity made of mirrors with coefficients of reflectivity and
transmission denoted R; and T; respectively. (b) Transmission intensity through a
Fabry—Pérot cavity as a function of the frequency of the incident light for different
finesse values, F. The free spectral range, Awpsg, remains unchanged as the
linewidth, Awpwn, narrows for a higher finesse.

mirror corresponding to the transmitted light after each round trip,

T

_ ) 2 _2i¢p _
Er=(T+TRe?+ TR+ ...)Ey = [ oo

Eo, (2.1)

where R = /R Ry, T = /T\T, and ¢ = QLCBNQT7T is the round trip phase of

the light with wavelength \.

The intensity of the transmitted light is given by! [50],

Ccep T
T 2 |1 = Reo
= 1.
— 2 AR AL
(1-R)*q + -R2 s1n(§)

where ¢ is the speed of light and ¢( is the vacuum permittivity. The depen-

dence of transmitted intensity on ¢ corresponds to certain resonant wave-

IHere we are implicitly assuming the refractive index of the medium inside the cavity to
be 1.
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lengths, A, of light interfering constructively within the cavity. Maximal

transmission occurs when

2 res
%5 - LcaLv/\_Tr = Lcava =nm, nc Z+
e (2.3)
== Wpes = —N.

cav

with the resonant frequencies, wes, separated by the free spectral range of

the cavity,
e

AwFSR = (24)

This is shown in figure 2.1b where the spectral width of the transmission
peaks is denoted by the cavity linewidth Awpwnam. To find an analytical
form for the linewidth we can solve equation (2.2) to find the frequencies

corresponding to half the maximal transmission. This gives [50, 51],

1-R . AWFSR
™R Fo

(2.5)

Awpwin = Awrsr

where F = %E is defined as the cavity finesse. Physically the finesse is
defined by the ratio of the free spectral range to the cavity linewidth, but it

also characterises the enhancement of a resonant light field in the cavity.

Consider the change in intensity associated with a single round trip of the

cavity — taking time tyip,

I(to + ttrip) = I(to)RlRQ,
(2.6)

= I(tg + tuip) — I(to) = A = —1(to)(1 — R?).
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For mirrors with high reflectivities and a sufficiently short cavity we can then

write

dI Al 1 - R?
dt -~ ttrip B 02-[/03“1/67
1— R?
= —1Io Awrsr,
\/EW (2.7)
R(1+R
= _[O%AWFWHMy
~ —lhyAwpwim-
The decay of light out of the cavity is then
I(t) = Ty Awrwint, (2.8)

and it follows that the rate at which the field is emitted from the cavity is
given by
E(t) = Eoei(AwFWHM/mt = Eoef'{t, (29)

where have defined &, the cavity field decay rate, as?

A
K= w (2.10)

We can now see the physical interpretation of the finesse as the enhancement

of resonant light in the cavity,

Awpsr me 1

f_

- - a
Awpwim  Leay 2K

. . . 2.11
__ time for decay to !/e intensity ( )

™ time to travel length of cavity

2This definition of &, by the rate at which the electric field leaks from the cavity, is widely
used, however a note of caution — some authors define x by the rate at which the intensity
leaks from the cavity, leading to ambiguity over a factor of 2.
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At a high level it can be considered as the average number of times a single
photon will bounce between the mirrors before it is emitted and, as such,
the number of times enhanced the field intensity is at the antinodes of the

standing wave set up by resonant light in the cavity.

Mode structure

The electric field of the cavity mode forms a standing wave in the cavity, but
the profile of this mode is given by the paraxial wave equation with boundary
conditions defined by the mirror surfaces. The general form of these solu-
tions in elliptical coordinates is given by the Ince-Gaussian polynomials [52].
In the limiting cases of cartesian or cylindrical coordinates these solutions
are then expressed in terms of the Hermite-Gaussian and Laguerre-Gaussian

polynomials.

The fundamental Hermite-Gaussian TEMy (transverse electro-magnetic) mode
— which we interact with in this work — propagating in the z-direction can

be expressed as

2

wWo r
E _ R _
00($7y72> OW(Z) eXp{ CU(Z)2

+1i [%k—ﬁ —k(z — L;av) — \IJG(Z)l }

z+ 2% /z2)

(2.12)

2

where r? = 22 + y?. The beam width at a distance z from the waist, w(z),

and the Gouy phase, U, can be expressed in terms of the cavity waist, wg,
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and Rayleigh range, zg, as [53]

w(z) = wor |1+ (i)Q, (2.13)

2R

Ug(2) = arctan (i) , (2.14)

ZR

with

Tw,
2R = TO’ (2.15)
A /L L
2 _ N cav _ Locav 91
Wo 7T\/ 9 (Reav 5 ), (2.16)

where R.,, is the radius of curvature of the cavity mirrors. Physically the
Rayleigh range is the distance over which the cross sectional area of the beam

doubles. The TEMy, Gaussian mode volume is given by® [38]

2

Vm - %Lca\,. (217)

Higher order modes, TEM,,,,, pick up an additional phase (I+m)W¥g, thus the
Guoy phase can be seen to lift the degeneracy of these modes. The frequency

spacing of subsequent higher order modes is then given by [54]

A LCaV LCaV
AWirans = ofSR arccos (1 — Rcav) = Lfav arccos (1 — Rcav) . (2.18)

3Whilst this may appear to approximate the cavity mode as a cylinder of radius wo and
length L., these results are in fact valid for any shape of the fundamental TEMgy mode.
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2.1.2 Two-level atom: Jaynes—Cummings model

0N =2
P

Figure 2.2: The left hand image illustrates the three coupling rates of an atom-
cavity system: g — the exchange of excitation between the atom and the cavity;
k — the decay of the cavity field; and v — the decay of the atomic amplitude.
Additionally the structure of the simple two-level atom considered in the Jaynes—
Cummings model is shown. The transition between the ground, |g), and excited,
le), states is at wge, which is detuned from the cavity resonance at wc by Ac.

The interaction of a two-level atom with a single mode of the cavity field is
described by the Jaynes—Cummings model [55]. The cavity field is quantised
and described by photon number states |n). These states are equally spaced
in energy and the mode is treated as a quantum harmonic oscillator. The
atom is taken as a two-level system with the ground and excited states de-
noted |g) and |e) respectively. These states have energies fuw, and hw, and
we define their energy spacing as hwg.. This energy level structure is shown
in figure 2.2 where we see the detuning from the atomic transition of the
frequency of the cavity mode, wg, with which the atom interacts is defined

to be Ac.

The full interaction is then described by the Jaynes—Cummings Hamilto-
nian,

7:[ = ﬁcav + ?:latom + 7:[int- (219)
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The first term describes the cavity field which, with n photons in the cavity,
has energy fiwc(n+ 3). Upon dropping the zero-point energy term this gives
us

Heaw = hwed'a, (2.20)
where af, @ are the photon creation and annihilation operators respectively.

The second term can similarly be written in terms of the creation and an-
nihilation operators for excitation in the atom; 67 = |e) (g| and & = |g) {e],
as,

Hatom = hw,66" + hws's. (2.21)

The final term describes the interaction between the atom and the cavity
field. Working in a reference frame rotating at wc and making the rotat-
ing wave approximation* only those terms associated with the excitation of
the atom counterbalanced by the destruction of a photon and vice versa
remain,

Hine = —hgo(a'6 + 67a), (2.22)
where gp is the maximum atom-cavity coupling rate.

This rate is given by

= Toe 2.9
g P (2.23)

where p . is the dipole moment of the atomic transition® and E is the electric

field of the cavity mode. For an empty cavity this electric field corresponds

4Terms oscillating very rapidly in the Hamiltonian have been neglected, i.e. those corre-
sponding to 6Ta’ and ¢a which rotate at roughly twice the optical frequency.
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to the vacuum fluctuations that give rise the zero point energy, %hwc. These
fluctuations occur in both the electric and magnetic fields with the time-
averaged contributions of each being equal [51]. Equating half of the zero
point energy, % X %h/,uc, to the energy contained within the electric field of

the cavity mode, Vy, X 1g¢Eg, then gives [56]

ha)c
Ey, = \/ 2.24
0 2€0Vm’ ( )

wc
e 2.25
2€0th7 ( )

= go = }ng|

where Ej is the r.m.s. electric field amplitude of the the cavity mode and V;,

is the mode volume.

As the cavity mode forms a standing wave the maximum atom-coupling
rate, go, is found at the antinodes, with atoms experiencing a changing
coupling strength along the cavity length. Practically this variability is of-
ten accounted for by modelling the system using a coupling rate g < go
[36, 40, 58, 59]. In this thesis we follow this convention with g denoting any
time the coupling rate is taken as anything less than the theoretical maximum

value.

The eigenstates of the full Hamiltonian, equation (2.19), are found to have

5The dipole moment of course depends on the specific atomic transition, or ensemble of
transitions, being addressed, however in most cases its value can be found in standard
reference books such as [57]. Additional complexity can occur when external factors
mix atomic states, changing the coupling strengths between them. In particular we will
discuss how the transition strengths change in an intermediate strength magnetic field in
chapter 7.
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energies in the rotating wave approximation given by [41],

1 h
+ _ z Z 2 2
hw = hwe(n + 2) +3 <AC:|: \/4ng? +AC> : (2.26)

This doublet of states is split by hQeg , where Qeg,, = \/4ngs + AZ is the
effective Rabi frequency at which the population oscillates between |g, n) and

le,n — 1).

In the case where n = 1 we can see that it is sufficient to place an excited atom
in an empty cavity to start the population oscillations. This phenomenon is

called vacuum Rabi oscillations [60].

2.1.3 Three-level atom: A-systems

We can now consider the atom extended to have three levels by introducing a
second ground state, |u,n — 1). This state is coupled to the excited |e,n — 1)
state by a laser with Rabi frequency (), detuned from atomic resonance by
Ay,. With the cavity coupling between this excited state and the other ground
state, |g,n), still in place, a A-system is set up as show in figure 2.3. In the

interaction picture the Hamiltonian can be written as

7:[ = h(,]:[O + 7:[int,L + ﬁint,C)u (227)
N Q Q
Hin. = = (e, 0w, 0] + [u, 0)e, 0]) = == (Je){ul + |u)el), (2.29)

~

Hine.c = —go(le, g, 1] + |g, 1)e, 0]) = —go(le)gl a+ a' [gkel).  (2.30)
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|u,n— 1> |g7n>

Figure 2.3: An extension of the Jaynes—Cummings model to a three-level atom.
Two ground states, |u,n — 1) and |g,n) are coupled to the excited, |e,n — 1) state
in a A-system. One coupling is provided by a laser of Rabi frequency Q2 and
the other by the cavity mode, with each detuned from resonance by Ar, and Ac
respectively.

It is worth noting that figure 2.3 shows the system in a non-rotating frame —
in particular that is to say not in the interaction picture. Whilst this allows
the energy levels and detunings to be drawn in a more intuitive form, the
couplings are a factor of two different from the pre-factors in the interaction

Hamiltonian. This factor arises from neglecting the counter-rotating terms

in the rotating wave approximation.

In the case of Raman resonant cavity and laser couplings, Aq = Ay, = A,

the eigenstates of the interaction Hamiltonian are given by [41],

|¢2> = cos(0) |u,n — 1) —sin(O) |g,n),
|¢,+L> = sin(P) sin(O) |u,n — 1) + cos(O) |e,n — 1) + sin(P) cos(P) |g, n),

|0, ) = cos(®) sin(O) [u,n — 1) — sin(O) |e,n — 1) + cos(P) cos(P) |g,n),
(2.31)
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where © and ® are mixing angles defined by

This triplet of states has energies,

1
hw? = hwc (n + §> :
(2.33)

1
hwE = hwe(n + =) +

h
2 2

<A + \/4ngg + 02+ A2> :

We can see that the doublet of states produced from a two-level atom in
the Jaynes—Cummings model has been replaced by a triplet of states. Of
particular interest is the ‘dark’ eigenstate, |#?), so called as the atomic pop-
ulation is distributed across only the ground states, with no contribution
from the excited level. Moreover, from equation (2.32) it can be seen that
the distribution across the ground levels is dependent on the ratio of their
coupling strengths to the excited level. These properties enable us to make
use of this state for single-photon production as is discussed in detail in

section 2.2.1.

2.1.4 Strong coupling regime

Thus far we have considered a closed system, where excitation can only
circulate between the atom and the cavity. In reality this excitation can be
lost from either element of the system. We have already discussed the how

light leaks from the cavity in section 2.1.1 where, recall, the cavity field decay
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rate was defined as k.

The excited state of the atom is also subject to decay by spontaneous emission
of a photon into free space. For a state with lifetime 7, the rate of this decay
is I' = 1/7 [61]. However we have defined the convention of considering the
decay of the electric field rather than intensity, and so, analogously to our

definition of kK = Awpwnm/2, we define the atomic decay rate as
= —. (2.34)

To meaningfully interact with the system through the atom-cavity coupling,
we require the exchange rate of excitation between the atom and the cavity
to dominate the decay from the system, which is to say g > {k,7v}. This

criterion can be formalised by the cooperativity [41],

9%
C == 2.35
2Ky ( )

The strong-coupling regime is defined as C' > 1 and is where we aim to
operate in order to use the system as a single-photon source. The physical
interpretation of this can be seen by considering the Purcell factor, Fp = 2C,
which for an excited atom gives the enhancement of emission into the cavity
compared to emission into free space [51]. From this we can see that these so
called spontaneous processes are in fact a product of the environment with

which the atom interacts.
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2.2 Single-photon generation

2.2.1 V-STIRAP

Process overview

We can now consider a special case of the system described in section 2.1.3
where a three-level atom is coupled to the vacuum mode of the cavity. Follow-
ing our previous notation this is the case where n = 1 and the coupled triplet
of states is {|u,0),|e,0),]g,1)}. Recall that the ‘dark’ eigenstate, |¢9), has
the entire atomic population distributed across the two ground states by the
relative strengths of the couplings between these states to the excited level

(see equations (2.31) and (2.32)).

Consider the atom initialised in state |u,0) whereon a driving laser, Q(t),
couples |u, 0) <> |e,0). The coupling |g,1) < |e, 0) is provided by the cavity
and, on the timescales we will consider, has a constant strength. A suit-
ably chosen driving pulse can then coherently transfer the atomic population
through the ‘dark’ state to |g, 1), producing a single photon. This photon
will be emitted from the cavity by the decay rate, k, leaving the system
in |g,0) — decoupled from further evolution. This system is shown in fig-
ure 2.4 where our previous illustration of the atom-cavity A-system has been
updated to include the decay channels as well as the final decoupled state
lg,0). Although the spontaneous decay from the excited level is shown, in

the adiabatic limit of slowly changing coupling strengths we can approximate
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I 9, 1)
9,0)

Figure 2.4: The three-level A-system for V-STIRAP with an additional level
shown for photon decay from the cavity.

system at any time with the solutions of the time-independent Hamiltonian —

effectively eliminating the excited state and thus spontaneous emission.

This process, where one coupling is provided by the vacuum state of the
cavity is mode is called V-STIRAP (Vacuum-induced STImulated Raman
Adiabatic Passage) [36-39, 41, 58, 62, 63].

Controlling the photon wavepacket

As the process is adiabatic, with the atomic populations following the slowly
changing coupling strengths, it provides a high degree of control over the
quantum state of the system and, it follows, the photon. One such example
is the arbitrary shaping of the emitted wavepacket. Consider the triplet of
coupled states, {|u,0),|e,0),|g, 1)}, and modify the interaction Hamiltonian

described in equations (2.27) to (2.30) to include the previously discussed
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decays,

H =H —ih (kata +]e)el) . (2.36)

With the probability amplitude of state i given by ¢;(¢) such that the system’s
state evolves as ¢, (t) |u,0) + c.(t)|e,0) + ¢4(t) |g,1) and assuming A;, =

A = 0 we can write the time-dependent Schrodinger equation for the system

cu(t) 0 Q@) 0 [cl)
15% co(t) ——g Q) 2y 290 || () | (2.37)
cy(t) 0 290 2ik) \c¢4(t)

giving the set of coupled equations

e, () = %Q(t)ce, (2.38)
—i(t) = SAE)eulr) + 1reelt) + gocy (1), (2.30)
—icy(t) = goce + ikcy(t). (2.40)

We can now ask the question — what shaped driving pulse, Q(¢), will emit a

single photon with wavepacket

Upn(t) = /mo(t), (2.41)

where 1y(t) is the normalised wavepacket and 7 is the efficiency with which
the photon is emitted — which we answer following the procedure from [40].

From equation (2.38) we have

(2.42)
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From here we look to find analytical forms for ¢,(¢) and c.(t). Formalising
the assumption that there is a rapid decay from |g,1) to |g,0) we conclude

that the photon wavepacket will follow the population in |g, 1),

1

Co(t) \/ﬂwph(t)- (2.43)

This gives the excited state amplitude evolution in terms of the photon
wavepacket when combined with the rearranged form of equation (2.40),

o(t) = —g 16,(0) + mey(1)] (2.44)

A clear form for ¢,(t) cannot be inferred from the Hamiltonian and so we
instead consider the population of the system. The population of each state
is given by the diagonal density matrix elements of the system, p;; = c¢;c},
and with the system comprising only three states and two loss channels the

population in |u, 0) can be written as

puu(t> =1- pee(t) - pgg<t> - /0 [vaee(t/) + 2/€pgg(t/)} dt/' (245)

We now choose that the photon wavepacket 1, (%) is real, and thus, by equa-
tion (2.43), so is ¢4(t). Following this through the set of coupled equations it
is seen, from equation (2.40), that c.(t) is then purely imaginary, from which

it follows, by equation (2.39), that c,(t) is real. Finally this allows us to state
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Figure 2.5: The driving pulse, expressed as a Rabi frequency, to produce a
1ps photon with a sin? wavepacket, inset, from a coupled atom-cavity system
described by the coupling rates {g,k,v}/2r = {6,1.75,3} MHz. Each driving
pulse is calculated for a different extraction efficiency, n, noted in the legend.
The requested efficiency of n = 0.9 exceeds the limit of the maximum possible
extraction imposed by the cooperativity of the cavity.

that ¢, () = \/puu(t) and so

Puu (t>

Cu(t) = NI o)

(2.46)

Substituting equations (2.44) and (2.46) into equation (2.42) gives us the
desired outcome, an analytical function for £)(¢) that gives the driving shape
required to produce a desired photon wavepacket. Whilst it does not simplify
down to a neatly presentable form it is straightforward to calculate these

driving shapes.

The calculated driving pulses displayed in figure 2.5 are for producing a 1 s
long photon with a wavepacket ¥, (t) o< sin?(¢) at various efficiencies that
are noted in the legend. The normalised photon wavepacket is displayed
in the inset for reference. The presumed coupling rates in the system are

{g9,K,7}/2m = {6,1.75,3} MHz. A straightforward observation is that the
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driving power required increases with the desired production efficiency —
given that the time taken to extract the population from the initial state
remains constant, this is unsurprising. It is also noteworthy that the pulses
become increasingly asymmetric despite the emitted wavepacket remaining
balanced. As population is lost from the system, stronger driving is required
to continue emitting the photon at the same rate — this is analogous to the

increased work required to squeeze the last bit of water from a sponge.

What has not yet been discussed is the singular point of the waveform at-
tempting to emit the photon with an efficiency of n = 0.9. Whilst one may
expect, correctly, a similar behaviour if an unphysical efficiency of n > 1 was
requested — this suggests a lower limit on the maximum generation possible.
To find this, recall equation (2.35), where the cooperativity of the coupled
atom-cavity system, C, was defined and that 2C is the ratio of emission into
the cavity to emission into free space.® Given these are the only two paths
emission can take, we can define the maximum possible generation efficiency,
as the total emission into the cavity if all of the excitation is lost from the

system,
2C

- = 2.4

This is a fundamental upper bound to the efficiency, regardless of the re-
quested wavepacket, which for the coupling parameters we have considered

IS NMmax = 0.87. It is clear then, why requesting n = 0.9 resulted in an

6Strictly this is only valid when the photon can be considered to be immediately emitted
from the cavity by x upon its generation, however it is sufficient for our intuition. A
more detailed consideration of the maximum extraction efficiency in various parameter
regimes can be found in [64].
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unphysical driving pulse.

It is worth noting that lower limits on the maximum generation efficiency can
be found by imposing various physically based criteria on the system for a

given wavepacket. The interested reader can find details of these in [40].

2.2.2 Experimental realisation

Review of the field

With the principles of single-photon production from a three-level A-system
covered, our attention can turn to how such a process can be practically
implemented. STIRAP processes, where both couplings to the Raman reso-
nance are provided by laser fields, were proposed and preliminarily demon-
strated by Gaubatz et al. [65, 66] between 1988 and 1990, initially as a tool
of the Chemistry community suited to the state preparation and transfer
of molecules. It was not until 2000 that the process was modified to make
use of a single ®*Rb atom in an optical cavity when Hennrich et al. [67]
demonstrated stimulated Raman scattering of the pump laser into the cav-
ity mode. This was subsequently extended to a single-photon source using
the V-STIRAP process already discussed by Kuhn et al. [39] in 2002. This
source transferred the atomic population between two hyperfine ground lev-
els, with a repumping stage between each driving cycle. Using this source
the quantum interference of these single photons simultaneously arriving at a

beam splitter (see section 4.2) was observed in 2004 by Legero et al. [68], and
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in the same year Kimble et al. demonstrated a deterministic single-photon
source using a single Cs atom trapped in the cavity [69]. A modified system
driving between magnetic sublevels of the atom which demonstrated control
over the polarisation of the single photons followed from Wilk et al. [59] in
2007.

Since these early demonstrations of single-photon production progress to-
wards increased control over the quantum state of the photons has been
made. For example, the shaping of the wavepacket described in section 2.2.1
was realised by Nisbet et al. [37] in 2011. The long temporal profile of the
photons allowed for partial measurement of an entangled two-photon state
to be made whilst the production process was still ongoing. When com-
bined with a deterministic feedback loop to the driving laser, this resulted in
the dynamic control over the direction of the collapse of this wavefunction

(Barter et al. [38], 2016).

Progress towards the application of these sources towards quantum network-
ing and computation has also been made. This has included the demonstra-
tion of a single-atom, single-photon interface (Wilk et al. [70], 2007) — a key
building block of quantum networks utilising photonic qubits that interface
with atomic nodes as proposed by Ritter et al. [71] in 2012. Holleczek et al.
[63] used cavity-sourced photons interfaced with photonic chips to perform
chip-based quantum logic operations, specifically a controlled-NOT gate, in

2015.

The V-STIRAP process is not only limited to neutral atoms — the high qubit
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fidelities and increased trap lifetimes of ions makes them a strong candidate
for the realisation of a quantum network of emitter-cavity nodes. The chal-
lenges of utilising a charged ion in the vicinity of dielectric cavity mirrors
is the obvious downside, however single-photon sources from such systems
have been realised (for examples see the work of Matthias Keller [72-74] and
Rainer Blatt [75-77]).

Chosen single-photon production scheme

For any application where n-photon states with n > 1 are required, the single
photons emitted in a stream from the cavity must be independently delayed
such that the requisite number arrive simultaneously at the experiment. This
can be achieved by routing them down optical paths of different lengths
where the propagation time difference compensates for the different emission
times. Practically this entails a PBS routing photons by their polarisation

into different lengths of optical fibres (delay lines) [36, 38, 62, 63, 68].

With the exception of the work of Wilk et al. [59, 70], all of the advanced
applications of single-photon sources we have enumerated used the same
principle scheme, a V-STIRAP process in one direction between hyperfine
ground levels of the atom. Whilst this has proven successful, the degener-
ate magnetic sublevels of each of these ground states results in randomly
polarised emitted photons and hence a random routing into the delay lines.
To generate two-photon states the first photon emitted must travel through

the delay line whilst the second does not. Trivially we can then see that
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Figure 2.6: The V-STTRAP process taking place between two Zeeman sublevels of
the |F = 1) ground state on the 8"Rb Dy line. A magnetic field lifts the degeneracy

of these levels, splitting them by Ay and alternate driving pulses, Q1 (t) and Q9(%),
produce photons of alternating polarisation.

for random routing each subsequently emitted pair of photons has a 25%
chance of arriving simultaneously at an experiment. More generally n sub-
sequently emitted photons of random polarisation can be converted into a n

simultaneously delivered photons with an efficiency of 1/2".

The source constructed in this thesis follows the example of Wilk et al. and ex-
plores a V-STIRAP process between magnetic sublevels of the |F'=1) ground

level of the 3Rb D, line. A typical driving scheme is shown in figure 2.6

31
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o AA

delay line

Figure 2.7: The deterministic routing of a stream of alternately o and o~
photons. A quarter-wave plate and PBS route these photons in the linear H, V-
basis into different optical fibres. The path length difference is equal to the duty
cycle of the photon production, resulting in pairs of simultaneous photons.

where magnetic field applied along the direction of the cavity axis is used to
lift the degeneracy of these Zeeman sublevels by Az. This allows a cavity
and driving laser of suitably narrow linewidth to select only the states with
desired magnetic quantum numbers, mg, to form a Raman resonance. The
polarisation of the emitted photon is determined by the atomic transition
coupled by the cavity mode, in the case of the red-detuned V-STIRAP pro-
cess, [mp=—1) — |mp=-+1), this is a 0~ photon. Similarly the blue-detuned

process produces the orthogonal ¢* photon.

It is worth noting that these two possible process are restricted to form Ra-
man resonances detuned from each other by 2A; as the resonance frequency
of the cavity, i.e. its length, cannot be changed on the timescale between
alternate driving processes of typically < 1us. As the cavity resonance is
fixed the driving lasers, Q;(¢) and 5(¢), must be detuned by F2Az from the

cavity.
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As well as producing photons of well defined polarisation this scheme also
removes the need for the system to be repumped back to an initial state
between subsequent shots as the final state of the atom for one process is the
initial state for the other. In this way a single atom can be produce a stream
of alternately polarised single photons which can be routed into the correct
paths with unitary efficiency. This is illustrated in figure 2.7 where photons
are alternately routed using a quarter-wave plate and PBS into two optical
fibres with a path length difference equal to the duty cycle of the production
process. Whilst this allows the preparation of two simultaneous photons,
there are only two possible outcomes (paths) of the routing process and so
n > 2 state preparation would require dynamic control over the routing
of photons of a single polarisation. This could be achieved with a Pockels
cell, utilising the Pockels effect where the birefringence of a medium changes
with a voltage applied across it, acting as a voltage-controlled waveplate. In
this way one could imagine chains of Pockels cell-PBS pairs deterministically

routing single photons into any number of delay lines.



Chapter

Physical System

This chapter contains an overview of the construction of the single-photon

source.

We begin with a discussion of the high finesse cavity that sits at the heart of
the experiment with the design considerations, construction, characterisation

and locking of the cavity detailed in section 3.1.

Section 3.2 then focusses on the surrounding apparatus required to run
the experiment. This includes both the physical infrastructure, such as the
necessary lasers and optics, along with the electronic hardware and software

that controls experimental timings and data acquisition.

An overview of the experiment, summarising the systems and steps detailed

in this chapter to generate single photons, is shown in figure 3.1.
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Figure 3.1: An overview of the experimental setup and the workflow within it for running the apparatus. Details of each
component can be found in the main body of the chapter.
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3.1 The cavity

3.1.1 Design and construction
Basic requirements

Cavity design is complex with many different characteristics of a cavity being
interdependent and many applications having vastly different requirements of
these. As such the design of any cavity must first start with the consideration
of what the most important characteristics are for the intended use case. In
our case, we have already discussed the first of these in section 2.1.4, namely

that we operate the system in the strong coupling regime.

Higher cooperativities result from increased mirror reflectivities and shorter
cavity lengths. However the efficient single-photon production possible with
an atom strongly coupled to the cavity, equation (2.47), is only beneficial
if we can then extract that photon from the cavity. Since we only collect
photons leaving the cavity in one direction, we can define the extraction

efficiency of a photon from a cavity as

15

extract — 5 3.1
Mextract = m Ty ¥ Ly + Ly (3:1)

where we recall that 7; is the transmission of mirror ¢ and introduce L; to

denote the mirror losses.

A final requirement specific to the photon production scheme described in
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section 2.2.2 is that the linewidth of the cavity be sufficiently narrow that it
can select specific magnetic sublevels of the atom. Although these sublevels
can be increasingly separated by higher magnetic fields, the spacing of hy-
perfine levels on the 8"Rb D, line places a natural upper limit on how large
we would want this splitting. Moreover, as will be discussed in chapter 7,

higher magnetic fields can impact the system in non-trivial ways.

The compromise made in order to best meet all of these criteria was to build
a cavity using mirrors with imbalanced transmissions. This combination
of a high reflectivity mirror (HR) and designated out-coupling mirror (OC)
balances the high finesse required with the extraction efficiency. The length
of the cavity was then chosen such that the linewidth was suitably narrow,

whilst maintaining strong coupling to the atom.

Mirror characterisation

The mirrors were manufactured by Research Electro-Optics in Boulder, Col-
orado. They consist of a BK7 glass substrate of dimensions &7.75 mm x4 mm.
One face is spherically concave with a 5cm radius of curvature, smoothed
to a surface roughness of < 0.5A and coated to a transmission specification
of Ty < 0.5ppm for the HR mirror and 75 = (40 + 3) ppm for the OC mir-
ror. For all mirrors the combination of scattering and absorption losses was

specified as L < 2 ppm.

To aid optical access to the experiment, both for the driving laser of the

photon production process and the MOT beams, the reflective faces of the
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mirrors were then chamfered down to ~@1.5 mm by Phoenix Optical Tech-

nologies Ltd in Wales.

Given the extensive travel and modification the substrates underwent, the
first test was to ensure the mirrors still met their specified performance.
The transmission of the mirrors was directly measured using incident laser
light, however this provides no information on their losses. These losses were
instead inferred from the finesse of test cavities made using pairs of identically

specified mirrors.

For a cavity of OC mirrors the finesse was found by measurement of the
linewidth of the cavity transmission. However the linewidth of HR cavity is
too narrow to be accurately measured by the response time of most photo-
diodes.? Instead their finesse was found via a ringdown measurement, where
the cavity is brought onto resonance with an incident beam, at which point
the light is quickly turned off and the rate at which light already in the cavity
decays out is measured. The decay of the transmitted power is exponential

and the time taken to decay to 1/e is given by [78§]

ttrip
= — 2
eyt (3.2)

where tiip = 2Lcay/c is the round trip time for light in the cavity and the

reflectivities of the mirrors combine to give R = /R Rs.

Figure 3.2 shows a ringdown measurement for a pair of HR mirrors. The solid

line corresponds to the best fit — with a reduced chi-squared? of x? = 0.51 —

'We used a Thor Labs PDA10A-EC photodiode.
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Figure 3.2: The measured transmission of a cavity brought onto resonance before
the light is switched off at time zero. As light already in the cavity leaks outwards,
the transmitted power decays exponentially at a rate determined by the total
cavity losses. We find that orthogonal modes of the cavity decay at different rates,
with the best fit of the combined behaviour of these shown as the solid trace. The
residuals of this solid trace are also shown. The dashed trace corresponds to the
decay from the the low-loss mode only.

of a model comprising of the sum two separate exponential ringdowns, corre-
sponding to orthogonal modes of the cavity, each decaying at a separate rate.
We find these modes to have total losses per mirror (transmission, absorp-
tion and scattering) of (1.62 £+ 0.01) ppm and (19.9 £ 0.4) ppm. The dashed
trace corresponds to the power decaying from only the low-loss mode and it
is clear that considering a single mode in this way is insufficient to explain
the observed behaviour during the (shaded) time in which the emission from

the (relatively) high-loss mode is still significant.

That we have two modes of differing loss rates is attributable to an ellipticity
of the cavity mode and the correspondingly different regions of the mirror
surfaces with which each of these come into contact.® The significant change
in performance we observe illustrates that at the high reflectivities required,

even a small difference, such as a spec of dust, can significantly impact the

2x2 = x?/v, is x? per degree of freedom with v = N — N where N is the number of data
points to which we are fitting a model of N degrees of freedom [79].
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mirror performance. Whilst imperfections, whether from the manufacturing
process or later contamination, on some regions is unavoidable, cleaning and
re-aligning can counter these effects and so the fundamental measure of the
mirror performance is given by the lowest attainable loss rates. For us the
low-loss mode corresponds to a finesse of (1.93 4 0.02) x 10%. This is, to
the best of the authors knowledge, equivalent to the highest finesses ever
measured, being comparable to the (1.9 4-0.1) x 10° measured by Rempe et
al. in 1991 [78].

Cavity construction

With the mirrors characterised and chamfered down, a cavity was constructed
and mounted onto a ‘finger’ as shown in figure 3.3. Each mirror is inserted
into a Macor ceramic mount, chosen because of Macor’s precise machinability
and minimal thermal expansion. These mounted mirrors sit atop Noliac
CSAPO03 piezos for cavity locking, as discussed in section 3.1.3, with grooves
in the mount ensure that the piezos shear along the cavity axis. All these

components were glued together using EPO-TEK 353ND epoxy.

The mount itself is made of non-magnetic stainless steel. Its unique shape was
designed to, firstly, sit tightly within the feedthrough of the vacuum chamber
to ensure stability once installed and, secondly, to maximise the mass of

material used in an attempt to minimise the effect of mechanical vibrations

3Birefringence arising from elliptical mode profiles is discussed in [80]. It should be noted
that this geometric birefringence is different from the birefringence inherent to all dielec-
tric multilayered mirrors discussed in chapter 6.
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Figure 3.3: The mounted cavity before installation in the vacuum chamber. The
mirrors sit in ceramic mounts, on top of voltage controlled piezos for fine control
over the cavity length. The mount itself is made of a non-magnetic stainless steel.

on the cavity lock. The hole visible underneath the cavity mode expands as it
runs all the way through the centre of the mount. Whilst unnecessary for the
work in this thesis it allows the future integration of a dipole trapping beam

to deterministically control the transit of atoms through the mode.

The alignment procedure itself was simply an exercise in the consecutive
alignment of each mirror to a reference beam along what would become the
cavity axis. Details of the translation stages and surrounding optical rig to
accomplish this are not insightful however there are two notes of relevance to
anybody undertaking similar work in the future. Firstly, after various trials,
First Contact Polymer was found to not only be excellent for removing dirt
and impurities from mirror surfaces — the task it is designed for — but also
serves as a protective layer over the mirrors during transport and machining.
Secondly the mirrors were seen to move during the curing of the epoxy as the
resin set. Due to the large size of the mirror surfaces in comparison with the

cavity mode this simply resulted in a small change in the mode position and
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angle which was not problematic. However current work and future progress
in the field of cavity QED is likely to focus on smaller mirrors, both to improve
optical access and, crucially, reach the higher coupling regimes that tighter
mirror curvatures allow access to [54, 81]. In these cases the equivalent epoxy

contraction may be far more damaging to the final cavity alignment.

3.1.2 Cavity characterisation

Linewidth

Transmission (a.u.)

ﬂ

i

~100 —50 0 50 100
w (27 - MHz)

Figure 3.4: The birefringent cavity transmission with double Lorentzian fit. The
sidebands at £100 MHz provide a frequency scale with reference to which the
linewidth of the cavity is found to be Awpwpm /27 = (3.750 4+ 0.006) MHz with
the birefringent modes separated by Ap /27 = (3.471 £ 0.004) MHz.

The linewidth of the cavity can be found from direct measurement of the
cavity transmission. Figure 3.4 shows this a for our cavity with sidebands

modulated onto the laser at £100 MHz as a known frequency reference.
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The expected spectral line shape is a Lorentzian,* however it is clear from
the data that the cavity has a double-peaked transmission. This is the result
of birefringence in the cavity, where orthogonal polarisation modes are res-
onant at different frequencies due to the differing path lengths they observe
through the mirrors. This phenomenon, and the effect it has on our system,
is discussed in detail in chapter 6. However for now the practical consequence
is that the fitted trace is the sum of two Lorentzians separated by the same
amount at each peak. The inset shows the central resonance in greater detail

with the dashed traces showing these twin contributions.

The shown fit has x? = 1.53 and gives the linewidth of each cavity mode to
be Awpwnn/2m = (3.750 £ 0.006) MHz, with birefringent polarisation reso-
nances separated by Ap/2m = (3.471 £+ 0.004) MHz.

Length and free spectral range

It is far more accurate to infer the cavity length from the spectral proper-
ties of the cavity than to attempt a direct visual measurement. Recall from
section 2.1.1 how the length of the cavity is related to the spacing of funda-
mental TEMy, modes (the free spectral range, Awpsr) and to the spacing
of the higher order TEM,,, modes for a given mode number (Awians) by

equations (2.4) and (2.18) respectively. The measurement of either of these

4Recall that the transmission profile of a Fabry—Pérot cavity is given by equation (2.2),
which is known as an Airy distribution. This distribution is equivalent to an sum of
an infinite number of Lorentzian distributions, each separated from the next by the
free spectral range [82]. Thus for a sufficiently high-finesse cavity, such as ours, each
transmission peak can be considered as an independent Lorentzian as the contribution of
all off-resonant peaks can be neglected. This is called the narrow-peak approximation [83].
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Figure 3.5: Two methods for calculating the length of a cavity via the spacing of
the higher order transverse modes or the free spectral range between fundamental
modes respectively. In (a) the cavity length is scanned — on a scale far smaller than
the length to be calculated — by a piezo. The spectral spacing of the TEM modes
is calculated using the sidebands at each peak, shown for the TEMyg mode in the
inset for reference, as a frequency reference. For (b) the free spectral range of the
cavity was directly measured from the spacing of multiple fundamental TEMgqg
modes.

is sufficient to give the cavity length and both are shown in figure 3.5.

Figure 3.5a shows a single scan of the cavity length, resolving multiple or-
ders of cavity transmission separated by Awipans/2m = 16.4 GHz. Once again
sidebands at 100 MHz provide the frequency scale from which this is calcu-
lated. Whilst it is preferable for all the required data to be taken in a single
measurement care must be taken as previous measurements have shown a
quadratic dependence of the shearing distance on the piezo voltage.’ Because
of this multiple orders were measured (n +1 = 0,...,3) and the changing
spacing between them used to correct for non-linearity in the piezo scan.

This method then gives a cavity length of ~342 pm.

5See figure 8.2 on pg.121 of [54] for details.
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The alternative approach of directly measuring the free spectral range is
shown in figure 3.5b. The mode numbers at which the resonant frequency
was measured were so chosen as n = 870 corresponds to A ~ 780.23 nm,
the frequency of the targeted transitions on the Dy line of 8"Rb used, and
n = 864 is the red-detuned mode to which the cavity was locked. The un-
certainty on each measured resonance frequency is 10 MHz, corresponding
to the last digit quoted by the wavelength meter,% and thus error bars can-
not be resolved on the plot. The free spectral range is then found from
the gradient of the fitted line, ultimately giving a cavity length of L., =
(339.289 + 0.002) pm.

The later measurement is henceforth used as, due to the nonlinear piezo re-
sponse previously mentioned, the frequency of light can be measured far more
accurately than the distance over which the piezo has moved can be inferred.
However, the discrepancy between the quoted values given by each approach

is sufficiently small that either could be taken without consequence.

Summarised parameters

Table 3.1 summarises the cavity parameters, coupling rates and inferred met-
rics of single-photon production thus far discussed. It should be noted that
the curvature and diameter of the mirror substrates were specified by the
manufacturer and the error on these dimensions is unknown. Several of the

remaining parameters are derived using R.., and so the uncertainty on these

SHighFinesse WS6.
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also have a contribution from the unknown manufacturing tolerance of the
substrates. As this is likely to be a significant factor in comparison to, for
example, the uncertainty in the measured cavity length, the errors on these
calculated parameters are also omitted with —* denoting they do have an

uncertainty but it is not known.

Name Symbol  Value Error  Units
Length Leay 339.289 0.002 pm
Radius of Curvature Reov 5 unk. cm
Mirror Diameter & 1.5 unk. mm
Mode Waist Wo 26.87. .. —* pm
Mode Volume Vin 3.84 x 10> —* pm?
Free Spectral Range Awpsr 441.795 0.003 27 -GHz
Transverse Mode Splitting  Awirans 16.392... - 27 - GHz
Finesse F 117,800 200 —
Atom-Cavity Coupling 90 4.77. .. —* 27 - MHz
Cavity Field Decay K 1.875 0.003 27 - MHz
Atomic Amplitude Decay  ~ 3.0325 0.0005 27 - MHz
Cooperativity C 2.00. .. —* -

Max. Photon Gen. Eff. Nmax 0.800. .. —* -
Photon Extraction Eff.” DNextract 0.751 0.001

Table 3.1: Summarised parameters of the cavity and its coupling to a 8’Rb atom.
Where necessary, the atomic transition presumed coupled was |F=1) <+ |F'=1) on
the Dy line for which the relevant parameters can be found in [57]. Notationally
‘unk.” denotes that the uncertainty on this parameter was not specified by the
manufacturer and ‘—*’ then represents an uncertainty that does exist, however its
magnitude is related to the unspecified manufacturing tolerances. The ellipses
after a quoted value indicate that with the uncertainties known to us we could
specify it with more significant figures but this is not done so, once again because
there is likely a non-negligible contribution from unknown uncertainties in the
substrate shape.

"This is calculate using equation (3.1), assuming the specified mirror transmissions of
0.1 ppm and 40 ppm and inferring average scattering losses per mirror of (6.6 +0.1) ppm
from the measured cavity finesse.
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3.1.3 Cavity locking

Requirements and electronics

To move the resonance frequency of the cavity by one free spectral range the
length needs to be changed by ALgsg = A/2. Thus to move by the cavity
linewidth the length need only change by ALpwam = ALpsg/F =~ 3.3 pm.
To tightly lock the cavity to the desired resonance the length needs to be

stabilised to much less than this limit.

To achieve this a locked reference laser, modulated with sidebands at +12.5 MHz,
is coupled into the cavity, which is then locked to this resonance using the
Pound-Drever-Hall technique [84]. A measured dip in back-reflected light
corresponds to light coupled into the cavity mode. This detection signal is
then down-mixed with a local oscillator in phase with the sideband modula-
tion which, after processing, gives a signal proportional to the deviation of
the reference frequency from cavity resonance. This signal forms the input
of a PID locking scheme [85] controlling the piezo voltages to keep the cavity

stabilised to the desired length.

In our system the sideband modulation, signal processing and PID locking
is provided by a DigiLock 110 laser locking module from Toptica. Two PID
locks work in tandem — the first is a high bandwidth signal directly applied
to one piezo to provide a tight cavity lock. The second is amplified through
a Falco Systems WMA-02LF high voltage amplifier, which increases the scan

range of the cavity, at the expense of a significantly reduced bandwidth, and
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is used to track slow drifts. With these running the cavity regularly remains

locked for an entire working day:.

Red-detuned locking light

For single-photon generation the cavity needs to be locked to the correct
atomic resonance — however if the reference light at this frequency is present
in the cavity simultaneously with an atom the two will interact strongly.
Previous iterations of single-photon sources in the group have used a ‘sample
and hold” approach to turn the locking light off as atoms transit the cavity
[36, 58]. The disadvantage of this is that it relies on the passive stability of
the cavity, trusting that it does not to drift too far from the desired resonance
during each experimental shot. Instead we chose to lock the cavity to reso-
nance with a TEMgy, mode that is red-detuned from the mode used by our
V-STIRAP process. The advantages are two-fold, firstly with sufficient spec-
tral filtering the locking light can be separated from the photons produced,
allowing the cavity to be continuously locked. Secondly the red-detuned light
provides an attractive dipole force potential to the atoms which may enhance

the coupling strength as they transit the cavity.

To take advantage of whatever attractive potential the locking light provides
we want to overlap the antinodes of both the science mode and detuned lock-
ing mode in the centre of the cavity. In this way the highest intensity of the
locking light is found at the points of strongest atom-cavity coupling. Each

mode forms a standing wave in the cavity with n evenly spaced antinodes,
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where n is the mode number, and the boundary condition is that all modes
are perfectly in phase at the mirror surfaces. For modes of number differing
by An it is straightforward to see there will be An+1 points where the modes
are in perfect phase, evenly spaced along the cavity length, with An points of
node-antinode overlap between them. In order to have a region of antinode-
antinode overlap in the centre of the cavity we are thus required to lock the

cavity an even number of modes away from the target resonance.

As previously mentioned, the mode we use to interact with the atom has n =
870 and so we chose to lock the cavity on the n = 864 mode, corresponding
to points of antinode-antinode overlap separated by ~70pm. The n = 864
mode corresponds to a wavelength of 785.66 nm, sufficiently detuned from
both the 780.23 nm of the photons produced to allow spectral filtering, and

also from the D; line resonances at 794.98 nm.

The spectral filtering is provided by a pair of spectral bandpass filters, both
Subnanometer Bandpass Filters 780/1 from AHF Analysentechnik AG, with
a central wavelength at 780nm and a bandwidth of 1nm. The specified
transmissions for each filter of 0.95 and 2.4 x 10~7 for the targeted and locking
wavelengths respectively then give 13 orders of magnitude suppression when

using both filters.

A back-of-the-envelope calculation can compare this to the required atten-
uation to resolve single photons above the transmitted locking light. We

consider Pyqc = 100nW of locking light to be transmitted — a typical value
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—and a 1 ps long photon at 780.23 nm which corresponds to a power of

B he
~780.23nm X 1ps

~ 255 fW. (3.3)

Py

For this case Py /Pock ~ 107%, and so to suppress the background of locking
light far below the level of single-photon counts we require an attenuation
of far exceeding 6 orders of magnitude.® Two successive filters will provide

this, whilst keeping the overall transmission of photons > 90 %.

A final consideration is the AC Stark shifts that arise from the locking light.
The peak power in the cavity was found by directly measuring the mode-
matching efficiency of the incident beam from the dip in the reflected light.
Noting that the light in the cavity will be many times more intense (by the
finesse F) than that coupled into the cavity, we find that typical intra-cavity

powers are of the order of 5mW.

A detailed consideration of AC Stark shifts can be found in [86], however the
relevant regime for us is when the detuning of the light is much larger than
the hyperfine splitting of the excited states. In this case the ground state
|F,mp) is shifted in energy by

w2yl 1 1 1 1
AEr,,,. = — V1-— — ,
Fome 2w |:(A1,F * AQ,F) grimE © <A1,F AQ,F>:|
(3.4)

where wyq is the resonance of the atomic transition neglecting fine-structure,

8 A source of finite efficiency can only be considered to emit a photon in every 1 ps window
with an efficiency n < 1. To resolve these events above the constant background level we
must attenuate the locking light by more than n x 1076,
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with  the width of the excited state, I is the intensity of light, Ay r and A, p
are the detunings of this light relative to the D; and Dy lines respectively,

and ¢ is the ellipticity of the light. For 10 mW of linear (¢ = 1) or circular
(e = 0) light this gives AC Stark shifts of

e=1: {AEL_H, AEL(), AEL—I} =h- {—021, —021, —021} 1\/II‘IZ7 (35)

e =0": {AEL_H, AEL(), AEL—I} =h- {—031, —02]_, —010} MHz. (36)

The cavity locking light used is predominantly circular however no effort was
made to ensure the polarisation was precisely set as it was operated at the
point that optimised the locking signal. For both polarisations the shift of
the ground levels is sufficiently small that we would not expect to resolve a

significant behavioural change whilst producing single photons.

The V-STIRAP process utilises Raman resonances detuned from atomic res-
onance by £|Ayz|/27 ~ £14 MHz. Whilst circularly polarised locking light
does induce a small additional ground state splitting, these Raman reso-
nances are found experimentally for a known setting of the coils that produce
the bias magnetic field, thus a small AC Stark shift will also be accounted for.
As such an overall shift of ~0.2 MHz in the ground state is not expected to
significantly impact the system. We should note that the locking light could
also impact the transition strengths within the atom [87], however these ef-
fects are small in comparison to the analogous nonlinear Zeeman effects in

magnetic fields discussed in chapter 7.

9Eq. (19) in [86]. In the regime of much larger laser detunings than the hyperfine split-
ting of the excited states, the sum of individual couplings between allowed hyperfine
transitions reduces to the, relatively, simple form given.
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3.2 Experimental setup

3.2.1 Loading atoms into the cavity
Magneto-Optical Trap

The first step in generating single photons from a coupled atom-cavity system
is to localise the atoms. To do so we turn to the magneto-optical trap (MOT),
a workhorse of atomic physics experiments for many years. A brief overview
of the theory of MOTs is provided here, however many detailed introductions

can be found in standard textbooks, such as chapter 9 of [88].

Consider first how a laser can provide a directional force to an atom moving
at velocity v towards a laser beam of intensity I, scattering photons on a
transition of width I' and saturation intensity I . Each absorbed photon
provides a momentum kick in the direction of beam propagation resulting in

a scattering force given by [88]

Ficart = photon momentum X scattering rate (3.7)

r I/
— hk— .
21+ I/ +4A2/T? (3.8)

where A = w — wg + kv is the detuning of the laser, w, from the atomic
resonance, wy, with the Doppler shift resulting from the moving atom in-
cluded. For every photon absorbed the atom will emit a photon, receiving a

corresponding momentum kick, in a random direction but over many cycles



3.2. Experimental setup 53

these emissions will average to no net directional force. Thus by detuning
the laser from atomic resonance atoms travelling towards the beam will be
Doppler shifted into resonance and slowed down. Three counter-propagating
pairs of such beams will then cool atoms in all directions and form what is

termed an optical molasses [89].

An optical molasses provides a velocity dependent force and so cools atoms,
however to trap atoms we must also have a positional dependence. This
is achieved by introducing a magnetic quadrupole field with the zero point
at the molasses centre. In this configuration atoms moving away from the
centre experience a Zeeman shift in their magnetic sublevels which can move
these levels closer to resonance with a counter-propagating circularly po-
larised beam. Appropriately polarised pairs of beams can then provide a
restoring force back towards the trap centre for an atom moving in any di-

rection. This is the previously discussed MOT configuration.

For 8Rb the MOT is operated using cooling beams approximately 10 MHz
red-detuned from the |F'=2) — |F’=3) transition on the Dj line. To support
this, by repumping any population that falls into the | F'=1) ground level back
to |F'=2), a second frequency resonant on the |F'=1) — |F’'=2) transition is

also required.

Atomic fountain

With the atoms trapped the next step is to get them into the cavity. Ideally

an atom would be stationary at the antinode of the cavity mode for long
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time periods. However trapping neutral atoms is difficult, although a long
term goal is to use a dipole trapped atom in optical tweezers to determin-
istically load the cavity. This is not feasible in the current set up where
the relatively large mirrors in comparison to the cavity length (1.5 mm to
Leay = 339 pm) provide too narrow an aperture through which a sufficiently
tightly focussed beam could be aligned. Instead we avoid the difficulties of
single-atom trapping all together and load the cavity stochastically via an

atomic fountain.

Practically this is achieved by cooling the atoms into a moving rest frame
by detuning the beams relative to each other. This means that, once the
atoms are in the MOT, a short molasses phase where the quadrupole field
is switched off and the cooling beams are differently detuned further from

resonance, is used to launch the cloud upwards.

In the non-relativistic limit, for a source emitting frequency, f, moving away

from an observer at velocity v, the observed frequency change is [90]

= _resy) (3.9)

where 6 is the angle between the emitters velocity relative to the direction

from the observer to the source.

To launch the molasses into a frame moving upwards at v, the pairs of cooling

beams — labelled upper, lower and central as shown in figure 3.6 — along mutu-
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Figure 3.6: An illustration of the orientation and detuning of cooling beams used
to launch the atoms upwards at a velocity v. The relative detuning of the upper
and lower pair of beams by Af cools the atoms into a moving rest frame, the
velocity of which is related to the size of this detuning as described in the text.

ally orthogonal axes must be detuned relative to one another such that

Afupper = —% cos(45°) f, (3.10)
A frontre = —% c0s(90°) , (3.11)
A fiower = —% cos(135°) f. (3.12)

So defining the relative detunings to be A fiower = —A fupper = Af/2 and

A feentre = 0 — as is shown in figure 3.6 — we find a launch velocity of

v=—"L = Z_Af. (3.13)

Typically the MOT is formed approximately 9mm below the cavity mode.

This is as close as can be achieved without the cavity mirrors clipping the
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cooling beams and distorting or destroying the atom cloud. To maximise the
interaction time of each atom passing through the cavity we would ideally
like to launch such that the turning point of atoms in free flight is directly in
the cavity mode. This would correspond to a launch velocity of ~0.42m/s
(~Af =0.76 MHz). However the thermal expansion of the cloud, which is
typically measured to be as cool as 20 pK after the molasses phase, means

that fewer atoms enter the cavity the longer it takes for them to reach it.

The experimentally reached compromise was to use launch velocities of ~1.0m/s,
giving a flight time of ~9.5ms. In these conditions, a single atom takes
~60ps to cross the cavity mode, corresponding to more than 100 experi-
mental shots in which we can attempt to produce a single photon at normal

repetition rates of ~0.5 MHz.

One point of consideration is whether the thermal motion of the atoms results
in a time-dependent coupling to the cavity, either within a shot or between
subsequent generation attempts. The variation in coupling vertically through
the mode is simply that of a Gaussian beam with maximum coupling in
the centre, however as already discussed the relatively long transit time in
comparison to the experimental repetition rate means the coupling can be
considered effectively constant. Along the cavity axis the coupling changes
much faster due to the standing wave that comprises the mode. Whilst
the thermal velocities of the atoms are sufficient to move between various
couplings in this direction, the narrow numerical aperture of the cavity serves
to filter out any atoms with non-negligible horizontal velocities. Thus any

atom with a sufficiently vertical flight path to enter the cavity mode does not
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Figure 3.7: Absorption images of the atomic fountain. The absorption of light
from a low power, short pulsed, circularly polarised beam on the |[F'=2) — |F'=3)
transition is used to image atomic cloud. The cloud is imaged At after the start of
a 1 ms launch phase in which the relative detuning of the cooling beams cools the
atoms into a moving frame. Background correction removes the image of the cavity
itself and so the mount and mirror outlines have been superimposed for reference.

have sufficient horizontal velocity to affect the shot-to-shot coupling.

To see this consider an atom starting directly under the cavity, launched such
that it just passes through the mirrors. This means it travels Lc,,/2 dur-
ing the 9.5ms flight time, giving a horizontal velocity of ~17.8 mms~!. At
this speed the shot-to-shot displacement along the cavity axis is ~35.6 nm,
assuming a repletion rate of 0.5 MHz. Even in this limiting case the displace-
ment is much smaller than the node-antinode spacing in the cavity (i.e. the

spacing of points of maximum and zero coupling) of A.es/4 ~ 195 nm.

A typical launch is shown in figure 3.7 where the atomic cloud is imaged at
different points of its transit to the cavity. These images were taken with the
absorption imaging technique we used to align the fountain when it was first
constructed. This involves illuminating the atomic cloud with short pulse,
typically 20 ps long, of a circularly polarised beam on the |F=2) — |F'=3)
0

transition. The shadow of the cloud is then imaged by a CCD camera!l

which, when background corrected by comparison to an image taken with no
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atoms, gives the images shown. For intensities below the saturation limit the
amount of light absorbed corresponds to the atom density, hence we can see
the thermally expanding cloud becoming more diffuse as it travel towards
the cavity. The cavity itself is removed from the images by the background
correction procedure and so the outlines of the mirrors and mounts have been

superimposed for reference.

3.2.2 Magnetic field coils

To trap atoms in the MOT and subsequently drive the single-photon pro-
duction scheme we require different magnetic environments in the vacuum
chamber. Here we summarise how these fields are created and characterise

the switching between them.

MOT coils

As discussed in section 3.2.1, a MOT is formed at the centre of a magnetic
quadrupole, which is also in the centre of the vacuum chamber. This field
is created using a pair of coils in an anti-Helmholtz configuration mounted
directly onto the chamber. Each coil consists of N = 144 turns of wire, has
radius » = 30 mm and they are separated from each other along z by d =

70mm. The field gradient at the quadrupole centre is then given by [91]

dB A8r2d
| = e (3.14)

@)
Tmaging Source DMK 21BF04.
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where [ is the current through the coils. For typical operation currents of

I = 4 A this gives a field gradient of approximately 30 G/cm.

Sufficient power is dissipated from these coils to heat the vacuum chamber
and measurably cause the cavity length to change over time by the thermal
expansion and contraction of the mount. The solution is to leave the MOT
coils on at all times, other than for the short periods they are required to
be off for single-photon generation. To prevent the chamber from getting
excessively hot, a water cooling system was built to run along the underside of
the coils and provide a second route for the dissipated power to take. In these
conditions the cavity length stabilises within a day of the coils being switched

on and chamber reaches equilibrium barely above room temperature.

Bias coils

The bias field along the cavity axis required to lift the degeneracy of the
magnetic sublevels for polarised single-photon production, detailed in sec-
tion 2.2.2, is similarly produced by a pair of coils mounted onto the chamber
in a Helmholtz configuration. These coils are vertically offset from the cham-
ber such that the centre line between them runs directly through the cavity

and they were measured to produce a field of 6 G/A.

This strong bias field must be switched on after the trapping and launch
phases of the atomic fountain, but be stable before single-photon production
can begin. This window is approximately 8 ms, given by the flight time of

the atomic fountain to the cavity once the launch phase is over. To char-



3.2. Experimental setup 60

. MOT on Bias on

S -

= |

]

+~

20

=

5]

—

>

N

=

2 . P

=0 0 10 20 30
Time (ms)

Figure 3.8: The changing magnetic field strength during the experimental se-
quence as measured on a pick-up coil directly outside of the chamber. The MOT
loading phase, shown in red, shows a stable quadrupole field, produced by 4 A
through the anti-Helmholtz coils. After the cooling and launch of the atomic
fountain, the bias coils are switched on during the free flight of the atoms, all
shown in yellow. The bias coils are switched to 3.4 A, corresponding to 20 G or
|Az|/2m = 14 MHz of splitting of the ground |F = 1) state. This bias field has
stabilised before the single photon production phase, shown in green, begins.

acterise the switching speed between the MOT and biased configurations, a
pick-up coil — one that converts any magnetic field passing through it to a
measurable current — was placed just outside the chamber during the exper-
imental sequence. The measured field strength is shown in figure 3.8 as a
function of time. The colours indicate the experimental phase at each time
with the MOT loading phase (red) ending a time zero, followed by a 10 ms
molasses, launch and flight phase (yellow) before single-photon generation
(green) can begin. Once the photon generation phase ends the MOT loading
phase begins again in preparation for the next experimental run. Marked at
the top are the times during this process when either the MOT or bias coils
are on. We can see that the quadrupole field during the MOT loading phase
is stable and, despite an initially changing field strength when the bias coils

are switched on, the field settles quickly enough to be stable for the duration
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of single-photon production as required.

3.2.3 Generating single photons

STIRAP driving pulse

With an atom prepared in the cavity, it is the application of the STIRAP
driving laser that controls the emission of a photon. This laser, focussed
between the mirrors, must be overlapped with the cavity mode and have a

well controlled temporal profile, frequency and power.

The collimated beam, out-coupled!! into free space was measured to have
a waist of wg = (998 & 2) pm using a Phasics wavefront analyser. This is
focussed down by a lens'? of focal length f = (250.0 4 2.5) mm, giving a beam
waist at the focus' of wy = (62.2 + 0.6) pm, sufficiently small to pass through
the cavity without measurable clipping of the beam or direct scattering off
the mirrors and into the cavity mode. It is important to know the focal spot
size as it allows the laser power to be converted into a Rabi frequency on given
transition. For example in our case this gives Qy/27 = (8.70 &+ 0.09) MHz for

a power of 1 tW when considering the |F=1) — |F'=1) coupling.

The intensity profile and frequency of the driving laser is controlled by a

double-passed acousto-optic modulator'® (AOM). By alternating the fre-

1 The beam is coupled out of a fibre using a Thor Labs Air-Spaced Doublet Collimator,
F810APC-780.

12Thor Labs AC254-250-B-ML.

13Calculated using wy = (Af) / (mwo) [92].
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Figure 3.9: The driving pulses and corresponding RF waveforms for 500 ps long
single-, double- and triple-peaked photons respectively with sin* intensity humps.
In each case the measured driving pulse is overlaid with the theoretically derived
pulse it should replicate and it can be seen that by calibrating the AOM response
very accurate control of the transmitted profile can be achieved. The bottom plots
show the RF signals, corrected for this calibration, that are sent to the AOM, in
this case at a modulation frequency of 61.25 MHz.

quency of the RF signal sent to the AOM, driving pulses corresponding to
the production of both polarisations of single photons can be produced. To
ensure these pulses have the desired profile the AOM is calibrated at every op-
erating frequency. As examples figure 3.9 shows a comparison of the desired
driving pulse to the measured profile sent into the cavity, along with the cor-
rected RF signal sent to the AOM, for three different pulse shapes. There are
very small deviations from the ideal in the measured system, both due to the
finite response time of the AOM and small drifts in the required calibration.
However these effects are manageable so long as sufficiently smooth shapes

are requested and regular re-calibration is performed. The driving pulses
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shown correspond to 500 s long single-, double- and triple-peaked photons
respectively with sin? intensity humps. They were derived as described in
section 2.2.1 for requested generation efficiencies of n = 0.7, 0.4 and 0.25 and

correspond to the photon measurements presented in figure 4.7.

STIRAP depumping pulse

The MOT and atomic fountain prepares atoms in the |F'=2) ground state,
however the V-STIRAP process requires atoms to be in |[F'=1). This ne-
cessitates a laser on the |F=2) — |F'={0,1}) transition to transfer the
population. As this is the opposite process to that required to repump the

MOT population to |[F=2), we call it depumping,.

Originally this depumping occurred during the free flight of the atoms to the
cavity, where a wide beam would illuminate the atomic cloud, preparing the
atoms for V-STIRAP. However it is possible that atoms excited during the
V-STIRAP process can fall back into |F'=2), and so this was later modified
to have a short, typically ~100ns, depumping pulse between each attempt
to produce a single photon. To achieve this both the STIRAP driving and

depumping lasers are spatially overlapped in a fibre.

The benefit of this repeated depumping is high count rates as there is an
atom in the desired state coupled to the cavity more often, however care
must be taken to ensure the depumping laser is not near resonance with

the excited level used during the V-STIRAP process. This is because the

14Crystal Technologies AOMO 3080-122.
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imperfect shut-off time of the AOMs used to shape the laser pulses means
there may be small amounts of depumping light leaking through when the
driving process occurs. If this light is near resonant with the same excited
state as the cavity and driving laser, it can set up another competing Raman

resonance, significantly affecting the single-photon production.

3.2.4 Laser locking and modulation

Frequency comb

As detailed in section 3.1.3 we require cavity locking light at 785.66 nm, a
wavelength deliberately chosen such that it does not correspond to a reso-
nance in 8"Rb, stabilised such that it is 6 modes red-detuned from the cavity
resonance that couples the V-STIRAP transition. To stabilise this laser at a
frequency where there is no corresponding spectral line we use a frequency

comb spanning the spectral gap.

Our comb is based on a femto-second pulsed fibre laser and to understand
its operating principles we begin by considering a laser pulse circulating in
an optical cavity. The output of this is a series of identical pulse envelopes
separated by the round trip time of the cavity, tyip, = 2Lcav/vg for a cavity
of length L., and a pulse moving at the group velocity v,. The spectrum of
this pulse train is a series of peaks separated by the repetition rate, w,, which
is simply the inverse of the round trip time. This can be seen in figure 3.10

where the pulse train is shown both as a function of time and frequency.
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Figure 3.10: The temporal (top) and spectral (bottom) profiles of consecutive
emissions from the pulsed laser that creates 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 subsequent pulses having a phase shift of Ay which gives an
overall shift to the frequency spectrum of the carrier envelope offset, wy. This image
is reproduced from the Menlo Systems FC1500-250-WG User Manual (pg.11).

It can be seen that the emitted pulses are not necessarily identical, they only
share a common envelope. This is due to the differing propagation velocities
of the pulse envelope and the carrier wave, resulting in a phase shift between
subsequent pulses of Ap. This leads to an overall offset of the comb teeth,
2mm - wy = Ap/tyip, termed the carrier envelope offset, where the integer

m is chosen by convention such that wy < w,. As such the comb teeth are

found at well defined frequencies

Wp = Nwy + Wo. (3.15)
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Laser locking

Along with the frequency comb there are three further lasers which together
produce all the frequencies required to operate the experiment. These are
the Cooling, STIRAP and Cavity lasers — so labeled for their primary usage.
They respectively provide light on the |[F'=2) — |F’) and |F'=1) — |F") tran-
sitions within the D5 line, and the previously discussed cavity locking light
between the D; and D lines. The stabilised frequencies and locking details

for these lasers are summarised in table 3.2 and expanded upon below.

Laser A (nm) v (THz) Locking details

Cooling  780.246 384.228 Locked to the |F'=2) — C3 crossover in
pump-probe spectroscopy.

STIRAP 780.232 384.235 Offset locked from the Cooling laser. The
exact lock point is tuned to put the laser
150.5 MHz above the desired resonance.'®

Cavity 785.656 381.582  Offset locked to a tooth of the frequency
comb such that it is within AOM modu-

lation range of the cavity mode 6 orders
below the desired V-STIRAP resonance.

Comb An nv, + 1y The carrier envelope offset, 1y, is locked
to external rubidium frequency reference.
The repetition rate, v,, is offset locked to
the beat note between the Cooling laser
and the nearest comb tooth.

Table 3.2: A summary of the locking details for different lasers required to run
the experiment, including the frequency comb which, while not directly used to
run any process, is the reference to which the Cavity laser is locked.

The Cooling laser is locked to the |FF'=2) — (3 crossover line in pump-probe

15The laser if offset by 150.5 MHz as the central frequency of the double-passed AOM
calibration used to modulate this light to the STIRAP driving pulse is 75.25 MHz.
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spectroscopy'® by the standard PDH technique. It is a very stable Quantel
ELYSA 780 fibre laser and as such this is the absolute reference to which the

rest of the system is locked.

The STIRAP laser, a Toptica Photonics DL pro, is then offset locked ~6.7 GHz
from the Cooling laser by stabilising the beat-note they generate. The beat-
note detection, comparison to a reference VCO that determines the exact lock
position, and generation of the correcting signal sent to the laser is provided
by offset locking electronics from Vescent Photonics.!” Whilst this laser could
be independently locked to a rubidium spectrum in the same manner as the
Cooling laser, the tunability of the offset lock, where the VCO provides an
arbitrary locking point, allows for the V-STIRAP process to be operated at

arbitrary points within the excited manifold of the Dy line.

The Cavity laser is similarly offset locked from a comb tooth such that it is
within the AOM modulation range of the required resonance. The exact lock

point is determined by the V-STIRAP resonance to be addressed.

The frequency comb, a Menlo Systems model FC1500-250-WG, must also be
stabilised in order to keep the cavity and STIRAP driving pulse on Raman
resonance. This requires two locks, one each for the carrier envelope offset
and the repetition rate. The carrier envelope offset is measured by beating

the frequency doubled light from comb tooth n with the 2n tooth. From

16This technique is often erroneously referred to as ‘saturated absorption spectroscopy’.
The common explanation that the strong pump beam saturates an atomic transition
close to resonance is less impactful than the hyperfine pumping of the atoms between
different ground levels. For a full discussion see [93].

1"Beat-note detection and handling is provided by the D2-160 High-Speed Beat Note and
Pulse Detector and D2-135 Offset Phase Lock Servo respectively.
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equation (3.15) it is straightforward to see this beat has frequency 2w, —
Wy, = wo. This is then locked to 20 MHz with reference to an external
frequency standard, a Stanford Research Systems FS725. The spacing of
the teeth, ~(250 £ 2) MHz for our system, is then stabilised by beating the
nearest comb tooth with the Cooling laser. All beat notes with the comb are

measured by Menlo Systems FPD310-FV photodetectors.

Laser modulation

The precise frequencies required for the experiment are modulated onto
tapped-off beams, with AOMs providing a shifted frequency and fibreised
EOMs (electro-optic modulators) adding sidebands to the main signal as

detailed in table 3.3.

Laser Num Type ~ Mod. v (MHz) Usage

Cooling 3 AOM 2 % 100 MOT cooling.

Cooling 1 EOM!' 6.76 x 103 MOT repumping.
Cooling 1 AOM —2x(100-150) STIRAP depumping.
Cooling 1 AOM 2 x 106 Absorption imaging.
STIRAP 1 AOM  —2x(60.25-90.25) STIRAP driving.
STIRAP 1 AOM —2 % 75.25 STIRAP reference.
Cavity 1 AOM 2x(60-100) Cavity locking.

Cavity 1 EOMY 12.5 Cavity locking sidebands.

Table 3.3: A summary of the modulation details for all lasers to provide all the
experimentally required laser light at the desired frequencies. When a modulation
frequency is expressed as 2 x v this indicates the AOM is driven at frequency v
and double passed to obtain twice the modulation.

18iXblue Photonics Photline MPZ-LN-10
19iXblue Photonics Photline NIR-MPX800
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3.2.5 Sequencing and data acquisition

Experimental sequence

The AOMs detailed in section 3.2.4 are provided with the required RF inputs
by home built modules with voltage controlled frequency and amplitude out-
puts. These signals — along with experimental triggers to, for example, begin
photon generation and data collection — are provided by 3 ADLINK DAQ-
2502 cards each with 8 analog and 4 digital output channels. The cards are
synchronised and can provide static voltages to the system or play pre-loaded

sequences across all 24 analog output channels with precise timings.

To interface with these DAQ cards, and all other electronic equipment re-
quired for running the experimental sequence and data acquisition, a home
built UI, ‘Cold Control’, written in Python is used. This allows both static
output values to be set, so that the system can be configured and tested, and
custom sequences to be created and loaded onto the DAQ cards to precisely

control each experimental run.

A typical experimental cycle consists of a MOT loading phase where atoms
are trapped from the background 8"Rb vapour in the chamber, before a short
molasses phase in which the MOT quadrupole field is switched off and the
cooling beams further detuned — cooling the atom cloud further. The atomic
fountain discussed in section 3.2.1 launches the cloud towards the cavity and
during this transit the bias field is turned on. As the atoms reach the cavity

the photon generation sequence and data acquisition begins. The timings
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corresponding to a typical sequence are detailed in table 3.4.

Time (ms) Details
Exp. DAQ

0 - DAQ loads static values to load MOT.
500 - DAQ sequence triggered.

— 0 Loading phase: Static DAQ values maintained.

- 12 | Molasses phase: MOT coils off, MOT beams detuned.

- 14 | Launch phase: MOT beams detuned for moving molasses.
- 15 | Flight phase: MOT beams and repumping sideband modu-
lation switched off.

- 17 | Bias coils switched on.

- 20 | Generation phase: Photon generation (AWG) and data ac-
quisition (TDC) triggered.

- 40 | DAQ sequence ends.

540 - ‘ Experimental cycle restarts.

Table 3.4: A typical experimental cycle with timings. After a loading phase
the MOT is launched towards the chamber with the photon generation and data
acquisition triggered to begin as the atoms traverse the cavity mode.

Photon generation sequence

What remains to be discussed is the ‘Generation phase’ where we aim to
produce a stream of single photons. The STIRAP driving pulses are discussed
in section 3.2.3 and the precise profile and frequency of the RF signals which
shape these pulses necessitates the use of an Arbitrary Waveform Generator
(AWG) to drive the STIRAP and depumping AOMs. The Tarbor Electronics
model WX1284C AWG used has 4 synchronised output channels producing
14-bit waveforms at a maximum rate of 1.25GS/s. During the ‘Generation

phase’ two channels drive the STIRAP and depumping AOMs to generate
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the desired pulse train, whilst a third writes a series of marker pulses to
the time-to-digital converter (TDC) which also records the photon detection
times. As the atom cloud transits the cavity we typically attempt to generate
a photon 20000 times with a pre-programmed sequence. For a duty cycle of
single-photon production (STIRAP waveform length + depumping waveform

length) of 664 ns this gives a total sequence length of 13.28 ms.

Care must be taken to ensure that this duty cycle is equal to the delay
arm chosen — for example 664 ns corresponds to a 134 m fibre and 816 sam-
ples written at 1.228 75 GHz. Moreover, on these timescales, timing lags
arising from equipment response time and electronic cabling lengths must
be accounted for. These are measured for each AWG output channel and

hard coded into ‘Cold Control’” which offsets the written waveforms accord-

ingly.

Data acquisition

The end point of any experiment is detection of the photons. In our case
the photons are directed onto superconducting nanowire detectors. The basic
operating principle is that a nanowire is cooled below the critical temperature
at which it becomes a superconductor, and electrically biased to a current
just below the critical current (the maximum that the superconductor can
carry with zero resistance). In this configuration the energy of a single photon
is sufficient to create a ‘hotspot™® — a region of non-superconducting wire —

the resistance of which creates a voltage spike that, after amplification, is
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recorded as a detection event.

Our eight nanowire detectors and the surrounding cryostat were built by Pho-
ton Spot.?! Though each detector exhibits slightly different performance,
both due to intrinsic construction factors and variable couplings into the
fibres leading to the detectors, they typically measure with maximum de-
tection efficiencies exceeding 80 %. The highest performance measured was

89 %, including coupling losses into the fibre.

The intrinsic dark count rate of the nanowires is so low as to essentially be
negligible. The measured rates for each of the eight detectors ranged from
5 to 66 per hour. As such, the small background we can observe, that will
be discussed in section 4.1.2, can be almost entirely attributed to the real
detection of light leaking into the fibres. The detection jitter is < 100 ps
and the recovery time is typically 50 ns. Crucially this means that multiple
detections can be recorded within the typical length of the photons produced
and that the accuracy of these detections is many orders shorter than the
photon wavepacket. This allows us to explore the interference of photons in

a time-resolved manner such as is described in sections 4.2 and 5.2.

All these detections are recorded with 81 ps precision by a Qutools quTAU
TDC. Every detection event, along with the markers sent from the AWG
denoting the timing of each driving pulse, is recorded. At run time minimal

data processing occurs, with every event uniquely identified by four param-

20Gtrictly speaking photons break up Cooper pairs of electrons, lowering the critical current
to below that with which the nanowire is biased.
2IModel number NW1FC780.
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eters:
1. Detection channel.
2. Detection time within the driving pulse, tsTrAP-
3. Detection time within the generation sequence, tyor.
4. Pulse number within the generation sequence, npyise-

It should be noted that there is a redundancy in these values as tyior =
tsTirAP + (Mpuse — 1) TsTirap Where Tsrrap is the duty cycle of single-photon
production (i.e. the spacing of the markers written by the AWG). From this
information all experimental analysis, such as looking for correlated detec-

tions, can be performed at a later time.



Chapter

Characterising The Photons

This chapter summarises the various measurements, data processing and

results used to characterise the single-photon source.

Section 4.1 begins by demonstrating the different processes through which
photons can be produced before examining how we can target the desired
path. A statistical analysis of the emitted light demonstrates the single na-
ture of the source, as well as the polarisation, and corresponding routing,
control the chosen scheme allows. To conclude the shaping of the tempo-
ral profile of single photons is presented. Also included is a discussion of
how background processes that give rise to additional detection events are

accounted for in the data analysis.

With single-photon behaviours measured, section 4.2 considers the indis-
tinguishability of a stream of such photons. In particular a Hong-Ou-Mandel

experiment measures the interference of photon pairs incident on a beam
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splitter. The normalisation of an experimental run to the number of inci-
dent photon pairs is discussed, which naturally requires the calculation of the
number of missed correlations due to the finite recovery time of single-photon
detectors. The results provide insight into the coherence of these pairs and
thus the suitability of our source for reliably providing coherent two-photon

states.

4.1 Single-photon production

4.1.1 Photon production processes

The driving scheme chosen to produce single photons has already been dis-
cussed in section 2.2.2 and so we begin here with a basic demonstration of
the system in action. A coupled atom-cavity system can produce photons
via both resonant scattering from the atom into the cavity and the Raman

resonances which ultimately comprise our scheme.

Consider setting the cavity close to atomic resonance and scanning the driv-
ing laser across the cavity frequency whilst the observing the emission. For
an appropriately polarised driving laser — one that is linearly polarised to
decompose into an equal superposition o and ¢~ in the cavity basis — three
emission peaks are expected. These correspond to the laser and cavity being
mutually resonant — where the atom scatters laser photons into the cavity

mode — and when the laser is suitably detuned from the cavity to set up
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Ay /27 (MHz)

Figure 4.1: The cavity emission rate in the o™ and ¢~ modes, as a function of
laser detuning, Ar, for a cavity tuned to Ac/2m = 52.22 MHz from the |F'=0)
level. The processes corresponding to the four observed peaks are illustrated.
Peaks (i) and (iv) are the same Raman resonances utilised for single photon pro-
duction and show that the applied magnetic field produces a Zeeman splitting of
|Az|/2m = 13 MHz. Peaks (ii) and (iii) occur when the driving laser is tuned to the
cavity resonance, allowing a cycling process that starts and ends in the same mag-
netic substate to produce multiple photons. The offset of these cycling resonances
for each polarisation is due to the cavity birefringence.

a A-system between the stretched states (with mp = +F) of the ground

level.

Figure 4.1 shows these peaks with the cavity set to A¢/27 = 52.22 MHz
with respect to the |F'=0) level, along with an energy level schematic of the
processes to which each corresponds. The cavity emission is split by polarisa-
tion with peaks (i) and (iii) corresponding to o~ photons and peaks (ii) and
(iv) corresponding to o. The separation between the cycling and Raman
resonant peaks in each polarisation confirms the applied Zeeman splitting of
|Az|/2m = 13MHz. Indeed this measurement is how the Zeeman splitting
provided by the bias coils as a function of applied current was measured.
The cycling peaks, (ii) and (iii), are high as they leave the atom in the same
magnetic sublevel after the emission of a photon. By contrast the Raman

resonance peaks, (i) and (iv), transfer the atom between these sublevels,
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which, for a given detuning of the driving laser, prevents a single atom from
emitting multiple photons. It is clear then how the alternate application of

processes (i) and (iv) can produce a stream of single photons.

There are features of this figure that are not presently explained by our
idealised model, namely the offset between the cycling peaks (ii) and (iii),
which is a result of the cavity birefringence discussed in chapter 6, and the
imbalanced heights between equivalent peaks of different polarisations, which
will be returned to in chapter 7. Indeed this figure is repeated as figure 7.3
when the full context of the experiments of which it is a part is made clear.
For now however, we can conclude that atoms are successfully coupled to
the cavity and that by targeted choice of the driving laser frequency we can

produce photons via the corresponding resonances.

It should be noted that these asymmetries are relatively balanced at Aq /27 =
52.22 MHz, hence the choice to present data taken at this point in figure 4.1,
however this is not the ideal point to operate the source. The single photons
presented in the remainder of this chapter were produced with A¢/27m =

81 MHz, as this is the optimum point as explained in section 7.2.1.

On timescales much longer than the duty cycle of the experiment (i.e. much
longer that the time taken to attempt the production of one photon) the
counting statistics of our source are Poissonian. This means that when mea-
suring the number of detected events, N, within a given interval, we expect
an outcome sampled from a Poissonian distribution, which has variance equal

to the mean [79]. As such the uncertainty on this result is taken as N ++/N,
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which is the origin of the error bars in figure 4.1. It is important to note that
this assumes the distribution has a sufficiently high mean, N, to be approach-
ing symmetric and so can be well described by symmetric error bars. This
approximation is deemed sufficient for the work presented in this chapter,

however a more nuanced approach is required in chapter 5.

4.1.2 Single-photon statistics
Second-order correlation function

The first important test of the source is whether the photons are truly single.
To do so we measure the second-order correlation function,! ¢ (7), using a
Hanbury Brown-Twiss (HBT) set-up. This set-up comprises of routing the
emitted photons randomly onto two different detectors which is commonly
achieved using a PBS. In our case this requires additional waveplates to

rotate the photon polarisations from |o*) to \/Li (|H) £ |V)).

The conception of HBT measurements was in 1956 when Hanbury Brown and
Twiss observed the correlated detection statistics of two spatially separate
detectors looking at a distant star [94, 95]. It was not until the 1977 when the
sub-Poissonian statistics of fluorescence indicating a light source exhibiting
quantum behaviour was measured by Kimble et al. [96] and it was 1986 before
single-photon states were created in the laboratory by Hong and Mandel [97],

and Grangier et al. [98].

'First-order correlations: amplitude-amplitude correlations. Second-order correlations:
intensity-intensity correlations.
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For classical light the second-order correlation function is [41]

(L)Lt + 7))
(L(1) (L(t+ 1))’

g? (1) = (4.1)

where I,,(t) is the intensity of light on detector n at time ¢. For single photons
we replace intensity with the probability of a single photon detection P;(t)

to give

9= 5 (téj}z(& ™) 2

It is an almost definitional statement to say that a stream of single photons
has a vanishing probability for detecting a photon at time ty + 7 given a
photon detection at time ¢y as 7 — 0. In terms of equation (4.2) this is to
say that g® (0) = 0. Generally if g® (0) < 1 this is termed sub-Poissonian
statistics. If ¢ (0) = 1 this implies there is no change in detection prob-
abilities conditioned on other detections and g (0) > 1, super-Poissonian
statistics, is indicative of photon bunching with an increased chance of a

second detection immediately following the first.

For a single-photon source with ¢(? (0) = 0 and, for completeness, g? (7) > 0
for sufficiently large 7, the measurement of the correlation probability across
both detectors, Pjo(7) will reflect these conditions. The total correlations
across these detectors is shown as a functions of detection time difference in
figure 4.2. The photons were produced using a 500 ns driving pulse with a sin?
intensity profile. The total experimental cycle for single-photon production

was 664 ns including the depumping phase between driving shots.

It is natural to consider the correlation rate between detections within each
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Figure 4.2: The correlations in a Hanbury Brown-Twiss set-up histogrammed by
detection pulse number difference — each driving pulse being 664 ns long — up to
separations of £100. The missing central peak shows the suppressed probability of
generating two photons within the same driving pulse and hence the single nature
of the source. Inset is a sliding histogram of the central £10 region with finer
temporal resolution of 100 ns bins separated by 20 ns.

driving pulse, as each should ideally produce exactly one photon. Inset is a
closer look at the correlations corresponding to photons emitted within 10
driving pulses of each other. Here the data from the main plot is presented
as a sliding histogram with bin widths of 100ns. A sliding histogram is
composed of overlapping bins spaced by less than their width — the advantage
of which is it allows smoother traces to be constructed and prevents the
location of the bin edges from unjustifiably impacting the perceived structure
in the case where the bin locations are arbitrarily chosen. Whilst aiding in
qualitative analysis of data it should be noted that, in contrast to a standard
histogram, single data points may contribute to multiple bins in a sliding
histogram. For the inset plot the spacing of subsequent bins, termed the

pitch, is 20 ns.
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The most striking feature of figure 4.2 is the missing correlations in the centre
bin, corresponding to correlations between photons emitted within the same
driving pulse, showing the desired sub-Poissonian statistics. This dip does
not take the correlation rate all the way to the background level, indicating
there remains a non-zero chance of multiple-photon emission. Indeed from
the relative rates of measured correlations we can see that there is an ~7%
chance of two photon emissions occurring in the same driving pulse compared
to that of single photon emissions in sequential driving pulses. Multiple emis-
sions from a single driving pulse can be interpreted as off-resonant driving
from the applied pulse resulting in the pumping of atomic population back
out of the desired final state after the first emission (discussed in greater
detail in section 7.2). We can note that practically the probability of these
events is an experimentally tuneable parameter, depending on factors such
as the applied Zeeman splitting of the ground state sublevels and the driving
power. Considering the low rate at which these two-photon emissions occur

we can conclude that a single-photon source has indeed been realised.

The profile of the correlation histogram is peaked due to the intermittent
loading of atoms into the cavity — with an individual transit producing mul-
tiple correlations and, naturally, periods when the cavity is empty contribut-
ing no counts. The width of the envelope is then representative of the time
the for which each atom is in the cavity, in our case ~60ns, which is of the

order expected for the launch velocities discussed in section 3.2.1.
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Background corrections

At this point it is worth considering the contribution of background effects on
the measured data and how best to compensate for these. We are concerned
with stray detection events from both inherent background count rates on
the detectors and the random loading of multiple atoms into the cavity. A
more detailed description of the analysis that follows can be found in section
3.2.3 of [38] — however given the limited impact correcting for the background
will be seen to have in our experiment, only a high level overview sufficient
to demonstrate this is presented here.

Time, tyor (ms)

0. 6.6 13.3
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2
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Figure 4.3: A histogram of the total photon detections as function of time for the
transit of the atomic cloud through the cavity. From the shaded periods in which
atoms are never present in the cavity the total number of background counts,

NI(BX), can be seen and compared to the additional photons emitted due to the

presence of atoms, NI(DX).

We begin by looking at the distribution of all detection events as a function
of the MOT time, t\ioT, first introduced in section 3.2.5. This is presented
as a histogram in figure 4.3 where the profile of the atomic cloud transit-
ing the cavity can be clearly seen with the background level evident as the

counts that persist when no atoms are in the cavity. The window in which
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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. From
this it is straightforward to extract two distributions for each detector, in-
dexed X, describing the detection events due to photons emitted from atoms,
n%X) (t), and true background detections uncorrelated to atoms, nl(gx) (t), such

that
TvoT TvoT
NS = / nS(ydt, NSO = / nG (t)dt. (4.3)
0 0

Here we have defined Tyior to be the total MOT time recorded for each throw,
in this case the 20 000 pulses, each 664 ns long, gives Tyjor = 13.28 ms. These
distributions can then be combined to give the expected correlations between

their pairwise combinations across both detectors: Né’g)(B)(T), Né’;)(B)(T),

N}(fg)(B) (1) and Nl(;;)(B)(T), where

= (n](SA) * néB)> (1),

and the other terms are defined analogously. The total background is then
simply

N (1) = Nog 2 (7) + N2 (7) + NP (7) + Ny P (). (4.9)

total

The NF(,‘?,)(B) term merits additional consideration. Whilst two-photon corre-
lations are the signal we are interested in, this term accounts for the expected

correlation rate between two atoms producing photons by the distribution



4.1. Single-photon production 84

Detection Time Difference, 7 (ms)

—6.6 . .

0.9 0 y §;6
) — N
.E NO®)
+ A)(B
= ous NO®
L _ AAB)
= Ngp
@) — N®)

0.

—10000 0 10000

Detection Pulse Number Difference

Figure 4.4: The background contributions in the Hanbury Brown-Twiss set-up in
terms of total correlations per driving pulse. The total background is shown along

with the constituent contributions from two-atom events, ng‘;) (B), correlations
between a background count and an atom-emitted photon, ng’é)(B) and N]g’g)(B),
(A)(B)

and background-background events Ngp

n%x) (t). This means that the rate of correlations corresponds to the proba-

bility of two atoms being loaded into the cavity at the same time and both
emitting photons — whereas by contrast the correlations of interest are be-
tween the clustered emission of photons from a single atom traversing the
cavity that comprise the peak in figure 4.2. 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.

Figure 4.4 shows the calculated background counts for the data set already
presented in figures 4.2 and 4.3, along with the individual contributions al-
ready discussed. It is clear that in the time span of an individual atom transit
the total background level is essentially constant for all detection time differ-
ences and when compared to figure 4.2 we can see that the total contribution

of approximately 0.8 correlations is negligible. This should not be a surprise
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— an idealised background correction would take the correlation rate outside
the span of a single atom transit to zero and we can see that this is very
nearly already the case in the uncorrected figure presented. Including the
background correction reduces the observed probability of two-photon emis-
sion from within one driving pulse in comparison to emission in subsequent

pulses from the previously quoted ~7 % to ~6.7 %.

4.1.3 Polarisation control

We now consider the routing of these polarised photons as first discussed in
section 2.2.2. To do so the polarisation optics of the HBT set-up are aligned
such that the circularly polarised photons are maximally routed into different
detections arms. Additionally, as we ultimately wish for these alternating
photon pairs to be simultaneously incident at an experiment, we include a
long spool of fibre on one arm to provide a delay equal to the duty cycle
of the photon production process. With this we now have the set-up shown
schematically in figure 2.7. As driving pulses targeted to produce opposite
polarisations are applied alternately, we expect pulse numbers of opposite
parity to produce photons in orthogonal states. With the inclusion of the
delay arm, one of these polarisations will be delayed by exactly the duty
cycle and thus both polarisations should be recorded on different detectors

but with the same parity of pulse number.

Figure 4.5 shows the detection events for all four combinations of detector

number and pulse parity. The total counts are presented as a sliding his-
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Figure 4.5: Photon detections split by detector and the parity of the pulse win-
dow, shown as a sliding histogram of bin width 10 ns and pitch 2.5ns. Waveplates
are used to route o photons to opposite detectors and an additional 134m fi-
bre spool on the path to detector B delays the photons by the 664 ns duty cycle
of the production process. The photons are produced with a 450ns sin? driving
pulse, with the remaining time, shaded out, containing the depumping plotted for
completeness. The alternating polarisations of the emitted photons results in all
detections — up to the routing efficiency of ~86 % here — being recorded in even
pulse windows.

togram with bin width 10ns and pitch 2.5ns. The driving pulse is 450 ns
long with a depumping pulse applied within the remaining time of the to-
tal 664 ns driving window. The period corresponding to when the driving

pulse is not on is shaded to indicate that this data is excluded from further

analysis.

It can be immediately seen that the photons are indeed routed to opposite

detectors and appear to be temporally well overlapped with both appearing
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Figure 4.6: The correlations in a Hanbury Brown-Twiss set-up histogrammed
by detection pulse number difference — each driving pulse being 664 ns long — up
to separations of +100, with ¢® photons routed to opposite detectors and an
additional delay of one experimental duty cycle present on one arm as described
in the text. The high central bin corresponds to pairs of photons detected within
the same detection pulse window, and more generally the combination of routing
and photon delay ensures that correlations occur with an even detection pulse
number difference. These bins are shown in blue, with odd detection differences,
corresponding to a photon being routed into the wrong delay arm, are shown in
red. Inset is a sliding histogram of the central £10 region with finer temporal
resolution of 100 ns bins separated by 20ns where once again every second bin is
heavily suppressed.

at the same time within the even pulse windows. The light scattered dur-
ing the dumping phase is not emitted uniquely into one circular polarisation
mode and so does not exhibit the same routing behaviour. However there
remain some photons in the other, odd, pulse windows, indicating the rout-
ing is not perfect. In fact, as will be discussed in detail in chapter 6, the
birefringence of the cavity prevents the photons from ever being emitted into

a well defined stationary polarisation mode, and thus the imperfect routing

is inevitable.

The correlations between these routed photons are shown in figure 4.6, where
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the number of correlated detections within 100 pulse windows of each other
are shown. The main plot is histogrammed by the pulse number difference
between detections and, for clarity, even and odd detection differences are
coloured blue and red respectively. In comparison to the equivalent plot with
randomly routed photons, figure 4.2, the previously continuous envelope has
been replaced by a stepwise profile with photon pairs predominantly arriving
in the even bins as previously discussed. The central bin corresponds to
photon pairs arriving in the same detection window and is by far the highest
peak, demonstrating how the deterministic routing allows for the tailored

increase in two-photon events.

4.1.4 Shaping the wavepacket

Another level of control afforded by the V-STIRAP process is shaping the
temporal profile of the emitted photons. As discussed in section 2.2.1 the
time-evolution of the coupled atom-cavity A-system in response to the driv-
ing laser can be solved to give an analytical expression of the required

pulse to produce any arbitrary wavepacket — summarised in equations (2.42)

to (2.46).

This arbitrary control has been previously demonstrated both in the extreme
cases of complex photon profiles, such as the shape of tower bridge [37], and
the more pragmatic cases of using a single photon binned into temporal
modes to realise qubits, qutrits and ququads [36, 38]. Here we simply wish

to demonstrate that this control can be realised in our system, and so pick the
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Figure 4.7: The intensity profiles of 500ns single-, double- and triple-peaked
photons with sin* humps. The dashed traces show the shape of driving pulse
used. These pulses are derived using the coupling parameters of the system and
a requested generation efficiency n = 0.7, 0.4 and 0.25 for the single-, double- and
triple-peaked photons respectively. The peak driving power is unchanged between
all traces.

simpler case of a single photon distributed across multiple time-bins.

Figure 4.7 shows the temporal profile of the emitted photons when driving
the system with the pulse shapes derived to give a 500 ns long, sin? intensity

> amplitude wavepacket), divided into 1, 2 and 3 time-bins. We

profile (sin
can now see that the asymmetric driving pulses predicted in section 2.2.1 are
indeed required to produce symmetric photons — the analogy already used

being that it is comparable to having to work harder to squeeze the last bit

of water (or here excitation) out of a sponge (system).

It is natural to consider if there are limits to this photon shaping. In partic-
ular one might ask what is the sharpest feature shape that can be imparted
onto the wavepacket? A straightforward limitation arrises from the cavity
linewidth as it relates to the rate at which a field inside the cavity leaks
through the mirrors. Even if a photon with an infinitely sharp profile gra-
dient was created in the cavity it would leak out at a rate determined by

the decay constant k. As such the cavity itself will act as a bandpass filter
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smoothing the sharpest features.

Of course sharp features can only be produced if the driving pulse changes
the state of the system sufficiently slowly to stay within the limit of adiabatic
evolution required by the V-STIRAP process. Alternatively one could say the
atom-cavity coupling must be sufficiently strong to couple atomic excitation
created by the driving laser almost instantly into the cavity. As such for
a fixed atom-cavity coupling, the maximum efficiency with which shorter
photons can be extracted from the system decreases. In the case of figure 4.7
this is why the single-, double- and triple-hump driving pulses are all derived
with the measured system coupling parameters but a requested efficiency, n

as defined in equation (2.41), of 0.7, 0.4 and 0.25 respectively.

We finish by noting that it cannot be deduced from these plots that the
photon states are indeed spanning the whole 500ns — each photon could in
reality be much shorter with the emission probability distributed in time to
give the observed detection profiles. To prove long coherent states are really
emitted from the system we must move on from single-photon statistics and

consider the interaction between two photons.
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4.2 Two-photon interference

4.2.1 Hong-Ou-Mandel effect

Two-photon interference on a beam splitter

Figure 4.8: The spatial modes of a beam splitter with two input modes, A and
B, mapped to the output modes, C' and D.

To test and characterise the quantum nature of the source, we turn to the
widely used Hong-Ou-Mandel (HOM) effect, the eponymously named phe-
nomenon first demonstrated in 1987 [49]. The effect is observed when two in-
distinguishable photons enter a 50:50 beamsplitter, one into each input port,

and ‘bunch’, only exiting the beam splitter into the same output port.

Such a beam splitter is shown in figure 4.8 where the input modes, labelled
A and B, are evenly split across the output modes C' and D. The creation
operators for single photons in these modes can be expressed in terms of the

modes that map to them as

1 1
At (AT AT) At <AT At
ay, = an+ap|, ag = a ap |
A \/5 C D B \/5 C D (4 6)
At 1 At At At 1 At At .
ac = \/5 (aA aB) » Ap = \/§ (CLA o aB) :
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The output state, |Woy), of two photons simultaneously input into the two

input modes is then given by

=
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The ‘bunching’ effect is then clear, with photons coalescing and only being

observed together in the same output mode.

Time-resolved HOMs

The Hong-Ou-Mandel effect as it has been presented thus far describes coher-
ent point-like photons interfering across a beam splitter. However when the
temporal length of the photons is sufficient to allow the coherence to evolve
between subsequent detections within the pair a more detailed description is
required. To do so we will closely follow the treatment described in [99, 100]

and repeated in [38, 41].

We separate the spatio-temporal mode, indexed by k, into the product of
its amplitude envelope, €,(t), and some phase evolution function, ¢(t), to

define

Cr(t) = ex(t)e OO (4.8)

where our normalisation condition is [ |ej(# )|?dt’ = 1. Assuming the set
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{¢x} forms an orthonormal bases of our Hilbert space then we can write the

electric field operators as

EBf(t) = Gtar, B (1) = G(6)al

X . . . (4.9)
Eft) =) Elt), E-()=) E ().
k k
The probability of measuring a photon in mode 7 at time ¢ is then
P(t) = (LIE~(OET(D)]1) = G )G = (b)) (4.10)

which, as it should be, is independent of the phase.

We can consider the actions of the beam splitter by writing entirely analogous

transformations to those given in equation (4.6), such as
A 1 A A A . .
Bi(t) = — (BEW + BH®) . BEW) = — (B2®) - BH®) . (411)

The analogous examination of the Hong-Ou-Mandel effect is then to consider
the probability of a photon detection in mode j at time tq+ 7, conditioned on
the detection of a photon in mode i at time t,. We can do this in a stepwise

manner, beginning with input state |14, 15), as follows.

(i) First detection in mode C' at time ¢, with probability

P (to) = (1, 1|Eg (to) EE (to) |14, 18) - (4.12)

(ii) The state after first detection, including renormalisation, is then given
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by

norm> CB(tO) ’1A7 OB> + CA(tO) ’0Aa 1B>

E¢(to) [14,15)
) VIEatto) + lea(to)?

= |\chond,C> .

(4.13)

(iii) Second detection in mode D at time ¢, + 7 with probability

PI()2|)C(tO + T) = <qjc0nd,C|E5 (to + T)EB (to + T)|\chond,0> ’

_ [Calto +7)¢B(to) — Ca(to + T)QA(t0)|2.
2 (lea(to))® + lea(to)[*)

(4.14)

Combining equations (4.12) and (4.14) we can define the probability of joint
detections across two different output ports as

Poiai(to, 7) = P& (to) Py (to + 7) = PR (to) Pty (to + 7). (4.15)

= 11Cu(to + T)Clto) — Calto + 7)Calto) .

Often we are not concerned with the time of the initial detection, but only

with the detection time difference, thus we define

}%Mﬂ:/ P (t, 7)dt. (4.16)

—00

It should be noted that as the electric field operators of the output modes
commute, | EZ(to), Ef(to + 7')] = 0, the above analysis can be repeated with
the first detection in mode D and the second in mode C which gives the
same result. Alternatively one can consider negative detection time differ-

ences, 7 < 0, as equivalent to reversed detection ordering, which again gives
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unchanged results.

Generalised polarisation basis

The previous discussion has considered photons interfering in the same po-
larisation mode. To extend our generalisation to photons of any polarisation

interfering, we begin by noting that equation (4.15) can be rewritten as
Point(to, 7) = Gi(to, 7) = G L (to, 7) — F(to, 7), (4.17)

where GGy and GG are the correlation functions for parallel and perpendicu-

larly polarised photon pairs, the latter of which is given by

GJ_(tO,T) = (’6A(t0+7’)83(t0)|2+ |€B(t0+7)€A(t0)’2> . (418)

] =

The remaining term F'(to, 7) describes the interference between parallel pho-

tons and is given by

Flto, 7) ==ea(to)ea(to + T)en(to)en(to + 7)x
2 (4.19)

cos (Pa(to) — dalto+7) + dp(to + 1) — ¢B(t0)) -

We can then define, in an entirely equivalent manner to equation (4.16), the

probabilities for correlations separated in time by 7, regardless of the initial
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detection time as

PH(T) = /_OO Gu(t,’i')dt

[ee]

_ / TGt ) — Pt )] d (4.20)

[e.e]

— P - /OO F(t, 7)dt.

o0

The physical description of the expected correlations between two perpendic-
ular photons is simply shown to be the convolution of the intensity envelopes

of the two input photons

/ GJ_tT

=7 [/ lea(to + T)ep(to)dt + /OO len(to + T)ealty)dt|  (4:21)
1 [e.e]
2

(leal” * [esl") (7).

Moreover in the case where the input photons are identical, (4(t) = (g(t),
there is perfect interference in the parallel case, P;(7) = 0. As such we can

compare this to equation (4.20) to see that

Ct)=C(pt) VI = / F(t,7)dt = Py (7). (4.22)

The correlation function for two photons with an angle # between their po-

larisation directions is

G@(tg, 7') = COS2<9)GH (to, T) + sin2(9)GL(t0, 7'), (423)
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which in the case of otherwise identical photons gives
Py(1,0) = (1 — cos®(0)) P.(7). (4.24)

The correlation probabilities for a range of angles, including the limiting
cases of parallel and perpendicular polarisation are shown in figure 4.9a for
photons with a normalised amplitude profile € o sin? and length 6¢, which

can be seen in the inset. Precisely these profiles take the form

sin® (m) 0<t<ét
(4.25)

0 t<0, t>dt

Both the detection time difference and correlation probability are expressed
using 0t as the timescale. The feature of most note is the non-vanishing
correlation rate at 7 = 0 for all photon polarisations not perfectly aligned,
i.e. @ # 0. Other sources of distinguishability — that will shortly be discussed
— have a temporal component, requiring the evolution of the two photon state
between the first and second detection event. It can then be seen that a non-
vanishing correlation rate at 7 = 0 is only ever a consequence of misaligned

polarisations.

Decoherence

In reality the photons emitted from the source will be subject to a range of

differing factors both environmental and in the production processes. These
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can be practical consequences of experimental imperfections such as small
fluctuations in the atom-cavity coupling as the atom transits the cavity or
in the driving laser power and frequency. Alternatively there can be fun-
damental factors such as asymmetries in the atomic coupling to different
polarisation modes (discussed in detail in chapter 7). It is impractical to
enumerate every potential cause of distinguishability between the two pho-

tons, however we can consider their impact on the maximal interference seen

in the HOM.

Regardless of the underlying causes, the photons can be made distinguish-
able by differing temporal profiles, £,(t), or a relative phase between their
phase evolution functions, ¢ (¢). Considering the latter case, a natural start-

ing point is otherwise identical photons with a fixed frequency difference of
A,

Calt) = =()e18/2), |
4.26
gB (t) _ g<t>e—it(w—l-A/2)7 (

where w is the centre frequency of the two photons. When the first photon
is detected the relative phase between the photon pair will increase at A,
ultimately leading to an oscillation of the interference term at a commensu-
rate rate. It follows that the relative phase difference between simultaneously
detected photons is always zero, and thus the interference is always maximal.
It is unsurprising then that, using equation (4.17), the correlation probability

becomes

Py a(1,A) = (1 — cos(AT)) PL(7), (4.27)

the behaviour of which is illustrated in figure 4.9b for a selection of frequency
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Figure 4.9: Time-resolved Hong-Ou-Mandel interference of photon pairs exhibit-
ing various forms of distinguishability. The photons considered have a sin? ampli-
tude profile, inset into (a), and all plots are normalised to use the photon length,
dt, as the timescale. Plot (a) shows the coincidence probability for photons with
angle 6 between their polarisation axes. The limiting cases of aligned and orthog-
onal polarisations show perfect and no bunching, with the later, non-interfering,
trace included in (b) to (d) for reference. (b) shows the case of a fixed frequency
difference between the photons, leading to a running phase between subsequent
detections and the oscillating interference fringes as described in the text. In (c)
the photons have a frequency bandwidth of dw, once again resulting in imperfect
interference averaged over the distribution of frequency differences. Finally (d)
shows the combination of all these effects.

differences.

Physically it is more likely that decoherence will arise from random variance

in the emitted frequencies. Considering these frequency differences to be
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sampled from a Gaussian distribution with width parameter dw,

Fru(A) = ﬁe(sﬁﬁ (4.28)

we can see the effect on the correlation probability to be

Prsu () 60) = / T (M) PyA(R A)A

) (1 ) e*(”%f) i (4.29)

From figure 4.9c it is clear that this variance in frequencies averages out
the previously observed oscillations, with only the dip to perfect interference
for simultaneous detections remaining as this is present for any frequency

difference.

Of course the previously discussed effects may not, and likely will not, occur
in isolation of one another. As such we can write the correlation probability
for photons of arbitrary polarisation with a frequency difference fixed within
some bandwidth as
wT 2

Posua(r,0,0w,A) = (1 — cos?(§) cos(Ar)e~ (5 ) Pi(r).  (4.30)
This provides the traces in figure 4.9d where the characteristic effects of each
source of distinguishability — correlations at 7 = 0 due to imperfect polari-
sation alignment, decoherence towards the expected non-interfering case as

7 increases from the frequency distribution of the photons, and the oscilla-

tions between maximal and minimal bunching caused by a fixed frequency
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difference — can all be observed in a single trace.

This formalism describes the range of polarisation and phase decoherence
effects that may be present in our system. As was noted in equation (4.22)
the assumptions made have been that the amplitude envelopes of the two
photons are identical and that the phase evolution functions differ only by the
explicitly considered frequency differences and bandwidths discussed. These
are not necessary conditions to be able to undertake this analysis as any
interference between arbitrary photons can be described by equations (4.17)
to (4.19), however in more complex cases the derived correlation probability

functions may not simplify down to such accessible forms.

A final source of distinguishability not yet considered is variance in the tem-
poral overlap of the photons. To begin we consider the case where there is
a fixed offset, now between the photon arrival times, of At. Constructing
the correlation probability function for otherwise identical photons, Pj as,
as before does not reduce into a succinctly presentable form, however the
resultant coincident probabilities are shown in figure 4.10. In comparison to
the dashed trace — of perpendicular photons with At = 0 — it is clear than as
the photons are further separated in time, their reduced interference results
in increased correlation rates. Once again the interference dip goes all the
way to zero for simultaneously detected photons. In the limiting case of de-
tections separated by more than the photon lengths the pair clearly cannot

interfere in any way.

We can note that for photons increasingly further separated in time we mea-
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Figure 4.10: Time-resolved Hong-Ou-Mandel interference of otherwise indistin-
guishable photon pairs with fixed arrival time difference at the beam splitter, At.
The photons considered have a sin? amplitude profile and all plots are normalised
use the photon length, dt, as the timescale. Simultaneous detections interfere
completely giving a dip to zero of the coincidence probability density at 7 = 0,
photons further separated in time giving rise to correlations correspondingly fur-
ther separated. The dashed blue trace is the expected behaviour for these photons
simultaneously arriving in orthogonal polarisation modes, P a+(7,0), provided as
a non-interfering reference.

sure correlations correspondingly further separated than would be possible
for perfectly overlapped wavepackets. In our measurements we do not ob-

serve these correlations reinforcing the good temporal overlap of the photons

already observed in figure 4.5.

Of course analogously to our discussion of frequency broaden photons, we
could similarly consider a variance in the emission times. However in order
that we would still resolve all correlations within the span expected for the
measured wavepackets, the only possibility is that these wavepackets are
constructed of a summation of many shorter photons with emission times
distributed to give the profile measured. In this instance it is difficult —

and possibly inconsequential — for us to distinguish between this form of
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decoherence and a broadened photon frequency. Both scenarios give a dip to
zero for simultaneous detections and increasingly distinguishable photons for
larger time separations. Henceforth we are will consider only the frequency
case as it describes the observed behaviour without the need for the inclusion

of a secondary mechanism giving rise to the same effect.

4.2.2 Measuring the two-photon visibility

Interferometer setup

Transmission (mV)
w
g

=100 ~50 0 50 100
Time (ps)

Figure 4.11: Second-order fringes measured down the interferometer showing
near perfect interference, obtained by scanning the frequency of a CW laser coupled
equally into each arm.

As has been previously discussed, orthogonally polarised photons are routed
into different paths, with the path length difference chosen to compensate
for the duty cycle of single photon production — recall that a 134 m spool of
fibre delays the photons by 664 ns. This set-up is illustrated in figure 2.7, and
is extended to measure HOM interference between photon pairs by coupling

each arm to opposite inputs of a fibreised 50:50 beam splitter.
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The importance of keeping the photons in well defined polarisation modes
has already been explored in section 4.2.1 and to this end both the short and
long arms consist of polarisation-maintaining (PM) fibre. The majority of
the long fibre spool is kept in a closed box with small openings for the fibre
to enter and exit. This is done to minimise air currents and temperature

fluctuations that may affect the transmitted polarisation.

The beam splitter itself has 1 m input and output arms of non-PM fibre. Any
polarisation rotation down the input fibre lengths can be corrected for using
paddles? around which the fibre is wrapped. These polarisation controllers
realise a series of arbitrary waveplates by varying the stress-induced birefrin-
gence depending on the wrapping radius and the paddle angle. As such each
input arm can rotate the photons to interfere as parallel or perpendicular

pairs.

To test the interferometer, and align the relative polarisation angle as desired,
the second-order interference of CW light coupled equally into each input is
measured. Scanning the frequency of the input laser gives a time-dependent
phase difference between the arms of differing lengths, resulting in interfer-
ence fringes at each output port of the beam splitter as shown in figure 4.11.
The transmission is given in terms of the photodiode® response with 0 mV
the level with no incident light. It should be noted for completeness that the
measured intensity fringes are in fact the square of the field interference and

so the expected visibility of the amplitude interference between two photons

2Thorlabs, 3-Paddle Polarisation Controllers, model number FPC030.
3Thorlabs, PDA100A-EC
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is accordingly lower. However it is clear then that the second-order fringes
have near perfect visibility and so it can be concluded the interferometer

set-up will not fundamentally limit our HOM interference.

Measured HOM

Pairs of photons travelling down the interferometer and arriving simultane-
ously at the beam splitter can then be used to measure and characterise
the two-photon interference — and thus the coherence properties of the two-
photon state. Figure 4.12 shows the correlation probability density of de-
tections across the two output modes of the beam splitter, measured when
interfering 300 ns long photons produced using a sin? driving amplitude pro-
file. The applied Zeeman splitting was |Ay|/2m = 14 MHz with the driving
pulses detuned accordingly and having a peak power of 1 ptW — which corre-

sponds to a peak Rabi frequency of /27 = 8.7 MHz in our system.*

The traces for both parallel (interfering) and perpendicularly (non-interfering)
polarised photons are shown. Of immediate note is the strong suppression
of correlations when comparing the former to the latter case — this is due to
the ‘bunching’ of indistinguishable photons that characterises HOM interfer-
ence. To formalise the degree of coherence we use the common definition of
the visibility, V,

v=1-- (4.31)

where Ny and N, are the total correlations measured using parallel and per-

4Considering the |F'=1) <> |F'=1) coupling.
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Figure 4.12: Hong-Ou-Mandel interference of photon pairs produced using 300 ns
driving pulses with a sin? amplitude profile. Both parallel and perpendicularly
polarised pairs are shown to demonstrate maximal and none interfering cases re-
spectively, with the data presented as a sliding histogram of bin width 35ns and
pitch 0.7ns. The data is fitted to various models described in the text, with the
parameters of these fits summarised in the table below the main plot.

pendicular pairs respectively. Using this — with due care taken to normalise

the data sets with respect to the number of incident photon pairs as will be

detailed shortly — we measure V' = (70.8 + 4.6) %.

As expected for well aligned polarisations, the cross-detector correlations
dip as detection time difference goes to zero. In this way the visibility of
the system can be increased further still by considering only more closely
bunched detection pairs. This is summarised in table 4.1 where the visibility
is shown as a function of the maximum separation of considered correlations.
What is most striking is the perfect interference exhibited in the middle

46 ns. In practical terms the trade-off required to increase visibility by this
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Max. separation  Raw Correls. Norm. Visibility
NH NJ_ Vv oV
+23ns 0 43 >978% -
+50ns 12 88 86.0%  4.3%
+100ns 28 146 80.3 % 4.1 %
+150ns 43 173 74.4%  4.4%
4300 ns 52 183 70.8% 4.6 %

Table 4.1: Hong-Ou-Mandel interference visibilities post-selected on detection
time difference. The raw number of correlations for both parallel and perpen-
dicularly polarised pairs are shown. The corresponding visibilities are calculated
including a normalisation to the total number of incident photon pairs in each
case, as described in the text.

post-selection is the reduction in data. To this end the raw number of events
detected in each polarisation case are also displayed in the table and we see

that to achieve visibilities of over 80 % approximately a quarter of the total

data must be discarded.

The visibility quoted for the ‘perfectly’ interfering case in table 4.1 merits
additional consideration. The shot noise error, N + v/N, associated with
near-symmetric Poissonian distributions is not a sensible approximation of
the uncertainty arising from a measurement consisting of very few events.
In particular a naive application of this to the measured N;=0 within the
middle 46 ns would correspond to no uncertainty. A comprehensive consid-
eration of how likely all possible two-photon visibilities are to return { Ny =0,
N =43}, such as the approach used in chapter 5, is one option for handling
this case. Here however we choose to utilise a simpler but less computation-
ally taxing approximation of bounding our measured visibility by the worst

possible scenario if we continue to measure for one further event. This gives
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V > 1-1/44=43/44 or equivalently V' > 97.8%. This is a simple attempt
at quantifying the ‘digitisation error’ in converting an exact two-photon vis-
ibility into a ratio of finite numbers of events and it satisfies our intuitive
understanding of becoming increasingly certain that the interference is per-
fect as we measure ever larger experimental data sets without a cross-detector

correlation for parallel polarised pairs.

We now turn to what the decoherence itself can tell us about the interacting
photons. As a first step, given the polarisations appear well aligned and the
photons were intended to be indistinguishable, we can consider the corre-
lation probability function, Py s,(7, dw), described in equation (4.29) where
only the bandwidth of the photons give rise to distinguishability. To fit this
theoretical prediction, which is a continuous function, to the discrete values
of the histogrammed data their are two possible approaches. We can either
sample the predication into matching histogram bins and then compare two
discrete distributions, or, as we choose to do, convert the measured data to
a density histogram (by dividing the histogram of raw events by both the
total number of incident photon pairs and the histogram bin widths). The
correlation probability function is then the continuous version of the density
histogram in the limit of vanishingly narrow bins, and thus we expect the
value of the fitted distribution at the histogram bin centres to give the bin
heights. A fit can then be performed using the standard method of least

squares to minimise the sum of the squares of the residuals.

Py 5,(7,0w) is fitted to the data in figure 4.12 and although the calculated

bandwidth of dw /27 = 2.54 MHz describes the depth of the observed dip, it
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is certainly not a perfect match to the data. In particular the measured dip

is far narrower than the fit suggests.

A natural second attempt is to include all the considered effects that can in-
duce distinguishability in the system, Py s, (T, 0, dw, A), as defined in equa-
tion (4.30). In doing so we allow the polarisation alignment to be imperfect,
which is justified as although measured data dips to zero, this simply means
no correlations were measured there, rather than never could be. This fit
is also shown in the figure with the angle between photon polarisation axes
found to be § = 17.91°, the bandwidth at dw/27 = 2.15 MHz and a very small
frequency difference of A/27 = 0.03 MHz — which practically would never be
observed for 300ns long photons. Once again this does not satisfactorily

explain the observed behaviour and in particular the narrow dip.

Of the considered mechanisms only more broadband photons or a non-negligible
frequency difference between the photons could describe the observed dip.
However, as the previously discussed fits demonstrate, the coherence in the
wings of the HOM is sufficiently good to limit these factors to values that

are incompatible with this proposal.

To overcome this impasse let us consider that we may in fact have multiple
different processes, resulting in distinct interference patterns, of which we
observe the combination. This would then be described by an expected

correlation probability function

Py gy (7,0, 601, Ag, o) =) 1Py s a7, 0, 0wi, A), (4.32)

i
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where ) .7; = 1. Note that here the polarisation alignment of interfering

photons is constant across all processes.

Occam’s razor would tell us to begin by considering only two distinct interfer-
ence processes. The best fit using this approach is shown in figure 4.12 where
the trace finally appears to match the observed behaviour. The dominant
process, accounting for 91 % of events, has dw; /27 = 2.15 MHz bandwidth
photons with a small frequency difference of A; /27 = 0.03 MHz. The remain-
ing events have similarly narrowband, at dws /27 = 2.28 MHz, photons with
a Ay/2m = 15.18 MHz frequency difference. This secondary process gives the
narrow HOM dip but is dominated by the primary photon interference events
at larger detection time difference. The polarisation misalignment is found
to be 8 = 5.49°. It is worth noting that both the bandwidth and frequency
difference of the dominant process are the same as those found when only
one process was considered, despite the overall traces being significantly dif-
ferent. This is simply a reflection of the small number of events contributed
by the secondary process and the reader can be assured all parameters were
freely optimised with starting estimates of perfect interference, as oppose to

being led by previous iterations of the fit.

It is then possible, by comparison to the expected correlation rate of non-
interacting photon pairs, P, (7), to extract the theoretical visibility of each
interference process. For interacting photons produced by only the primary
process the expected visibility is 76.7 %, though if the polarisation was per-
fectly aligned with the only decoherence arising from the photon bandwidth

then the fundamental limit to the visibility of our system rises to 77.4 %.
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When one of the interfering photons is produced by our secondary process
the frequency beat is sufficiently large that the relative phase between the
photons runs from perfect bunching to perfect anti-bunching multiple times
within the HOM time span. It is unsurprising then that the visibility, whilst
technically only tending to zero for ever increasing frequency differences, is
effectively 0%. A sanity check confirms that the sum of the visibilities for
each process, weighted by their relative prevalence in the system, gives an
overall predicted visibility of 70.1%. The small deviation from the mea-
sured value of (70.8 £4.6) % is a reflection of the imperfect fit of the model,

however the disagreement is well within error bars.

In summary, the majority of the interference comes from photon pairs of good
visibility, with a secondary process producing photons ~|Ayz| detuned from
the target frequency. It would seem unlikely to be a coincidence that this
additional frequency component is around the Zeeman splitting applied to
the system, however, whilst there is strong evidence of a secondary process,

the data cannot provide us with the definitive mechanism that causes it.

Possible origins of the observed frequency beat

We can, however, take an educated guess at the form this mechanism might
take. The frequency of an emitted photon, wyy, is related to the energies of

the initial and final atomic states, F, and F,, and the STIRAP driving laser,
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hwias, by a straightforward conservation of energy argument,

hwpn = By — By + s, (4.33)

In our system the initial and final state energies differ by (E, — E,)/h =
+2Ay with the driving laser for the production of each polarisation of photon
oppositely detuned from the cavity, wis = Weaw F 247, to set up a Raman
resonance. It is clear then that in these conditions both driving directions

emit photons at the cavity frequency at wpn = Weay-

However, we can also consider the case that the driving laser is detuned
from Raman resonance by A. As the splitting of the atomic levels remains
unchanged, from equation (4.33) we find that the emitted photon will also
have this detuning, being at wpn, = weay + A. We can then see that the
frequency of the photons produced is not determined by the cavity at all,
but rather the driving laser and the atomic levels set the frequency, with
the cavity acting as a filter, the weaker coupling it provides off-resonance

resulting in lower emission probabilities.

Returning to the question of what process can produce our detuned photons
with approximately |A| = |Ag|, the frequency of the driving lasers is well
defined, however an equivalent effect can be produced by considering pro-
cesses where the initial and final atomic states are detuned by only +Ajy.
Physically this would correspond to |F=1,mr=+1) — |[F=1,mr=0) or
|F=1,mp=0) — |F=1,mp= £ 1).

These transitions would require either the cavity or the laser to couple a
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Figure 4.13: The cavity emission into the o (dashed) and o~ (solid) modes, as
a function of laser detuning, Ay, for a cavity tuned to Ac/2m = 89.72 MHz from
the |F'=0) level. Driving with o®- (grey) and m-polarised (coloured) light in the
cavity basis are compared. The processes corresponding to the observed peaks at
|Ac — Ap|/2m = |Az|/2m = 14 MHz are illustrated.

m-transition, as can be seen in the diagrams presented in figure 4.13. In
this figure we have returned to the experiment first presented in figure 4.1
where the driving laser is scanned across the cavity resonance and the result-
ing emission peaks in each circular polarisation mode observed. Two cases
are presented corresponding to the driving laser decomposing into an equal
superposition of ¢ and o~ light in the cavity basis (shown in grey) or -
polarised light only (coloured). In the former case the peaks corresponding
to a cycling process and the desired single-photon production scheme are
seen as expected. However with m-driving, and to a much lesser extent with
o*-driving, we can also see the peaks labelled (i) and (ii) appearing when the

laser is detuned by £|Ayz|/27 = £14 MHz. These arise from the previously

discussed Amp = +1 transitions.

When running the experiment we do not resonantly set up the illustrated
transitions and so if they make up ~5% of unwanted photon production®

they must do so with the coupling significantly reduced by the detuning of



4.2. Two-photon interference 114

the laser.

A clue as to how this could occur is in the presence of the small peaks observed
at (i) and (ii) when driving with o*-light. These transitions have the cavity
providing the m-coupling which is often considered negligible® when the cavity
and bias field are aligned as a m-polarised photon emitted into the cavity
mode would have to be polarised parallel to the cavity axis, which is also
the direction of propagation. Indeed the polarisation of the driving laser can
be set to the desired alignment by minimising these peaks [101]. That they
cannot be entirely suppressed then indicates that the cavity axis is misaligned
from the bias magnetic field — which is entirely possible given it can form over
a range of angles between two mirrors of ~&1.5 mm separated by ~350 pm.
A brief attempt was made to try and measure the effect of changing the
bias field’s orientation by orthogonally applying compensation fields, however
no change in emission was observed. This however only indicates that the
compensation coils mounted to the chamber could not provide large enough
fields to produce a measurable change and so does not rule out a misalignment

with the cavity mode.

With an apparent misalignment of the cavity axis allowing circularly po-

larised light to also depopulate the |F'=1, mr=0) level, it is not unreason-

51f ~9 % of our two-photon events contain one of these frequency shifted photons then this
unwanted process is approximated to contribute ~5 % of the total emission.

6 Although in the paraxial approximation a plane wave cannot have a component of polar-
isation parallel to its propagation direction, the exact solutions of Maxwell’s equations
for a Gaussian beam show a longitudinal polarisation structure which is maximal at the
focal point [102, 103]. Here we consider the longitudinal component of the cavity mode to
be negligible, however this approximation becomes increasingly less valid for more tightly
focussed modes and so may be significant in future cavity designs that have tighter mirror
curvatures, such as those discussed towards the end of chapter 7.
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able to assume that a measurable fraction of the emitted photons would
come from these off-resonant processes. Especially when one considers that
an atom prepared in this level — which no attempt is made to prevent —
will remain dark until it is pumped out either by one of these processes or
by an excitation and subsequent spontaneous emission, thus allowing many

possible attempts at driving these low efficiency processes.

In figure 4.13 we have the cavity detuned by A¢/27m = 89.72 MHz from
resonance with the |F'=0) level. At the time this data was taken it was
not clear that we would ultimately wish to operate the source at Ag/2m =
81 MHz — as we did when measuring the HOM presented in this chapter. As
such the interpretation of this data, and in particular any inferences about
the relative strengths of the different processes must be taken in this context.
This is reinforced by the different o*-driven peak heights observed when
comparing figure 4.13 to the equivalent data taken at Ac/2m = 82.22 MHz

that can be seen in figure 7.4.

Normalisation

The theory and data presented so far has all been normalised to the correla-
tion probability per pair of input photons. For example the reference traces
of non-interacting photons in section 4.2.1 have a total area of 0.5, given
the 50 % chance of recording a cross-detector correlation from two randomly
routed photons. As such, to calculate the visibility of a two-photon inter-

action we need to know the total number of ‘experiments’, i.e. photon pairs
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that made it through the beam splitter and would be detected, and normalise

the recorded correlation numbers accordingly.

The perpendicular (non-interacting) case is theoretically straightforward —
the total number of pairs simply being twice the number of cross-detector cor-
relation events recorded. The simplest attempt at normalisation would then
be to take the same number of experimental runs for the parallel case and
trust that the pair production rate of the experiment remains constant. How-
ever this fails to account for both environmental variations, such as changing
8"Rb vapour density in the vacuum chamber resulting in non-constant load-
ing rates of atom into the cavity, and systematic fluctuation, such as any
polarisation dependence of the detection efficiencies. Moreover it becomes
difficult to confidently compare data sets taken on different days where many

properties of the system may have changed.

Instead we need to find a way to calculate the number of input pairs, regard-
less of their bunching behaviour at the beam-splitter. Previous iterations of
this experiment, where randomly polarised photons were produced, used the
correlation rate between photon pairs mis-routed, such that they arrive at
different times and therefore do not interact, as an independent metric of the
pair production rate [38]. However given the routing of our photons is such
that we do not ‘miss’ 75 % of produced pairs in this way, a new approach is

required.

We could imagine that with perfect detectors every incident pair would be

recorded, with the distribution of these between same- and cross-detector
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Figure 4.14: Comparisons of the predicted coincidence probability densities
(dashed) to the measured correlations (solid) for both all and cross-detector cor-
relations only. The left plot has the measured wavepacket, o<]€\2, inset, the auto-
convolution of which gives the expected distribution of all correlations. A his-
togram of the measured correlations reveals the same-detector correlations missed
below 7).,q due to the finite detector recovery times. The right plot shows the
normalised distribution of measured cross-detector correlations only, along with
the inferred distribution that would be expected for non-interacting photons, P, .

correlations changing with the two-photon visibility. Practically the detec-
tors have an imperfect efficiency and a non-zero recovery time, Tgeaq, during
which a second detection cannot be recorded following the first. The for-
mer imperfection is simply an experimental loss, presumed to be constant
for a given experiment, however the second results in a much lower same-
detector correlation rate than cross-detector. Fortunately, the demonstrated
low background noise on our detectors means that these lower rates of corre-
lations are still significant and so, with due consideration, the total number

of missed correlations can be found.

As an example let us consider the treatment of the data for parallel polarised

photons that was presented in figure 4.12. The expected distribution of all
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correlations (both same- and cross-detector) is given by the auto-convolution

of the intensity profile of the detected photons
Pan(1) = (|€]2 * |5|2) (T). (4.34)

This distribution is shown and compared to a histogram of all measured
correlations in the plot labeled ‘All correlations’ in figure 4.14. We can see
the missing correlations, corresponding to same-detector events where both
photons arrived within the detector recovery time, in the deviation of the
measured (solid histogram) and predicted (dashed trace) distributions at
lower detection time differences. By considering only correlations separated
in time by more than the longest detector recovery time, 7)..q4 > Tdead: V ¢
where i indexes the detection channels, we can be confident that this subset
will follow the predicted distribution. From this we can define the ratio of

the total number of recorded correlations satisfying this condition N>,/ . to

the total number of correlations expected, Ny,

o0
J— NZT(liead _ fTéead PAH(T)dT

= = —da . 4.35
7T N 7 Pa(n)dr (4:35)
Rewritten this gives the total number of expected correlations as
1
Ntot = ;NZTc/iead' (436)

Given this, the normalisation of a histogram of raw correlations requires
dividing by both Ny and the histogram bin width, to give a coincidence

probability density. Taken one step further, the time axis can be divide by
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the photon length and the probability densities multiplied by the same length
to express both in the form presented in the previous theory plots (figures 4.9

and 4.10).

Given we know the expected behaviour of non-interacting photons, see equa-
tion (4.21), we can also construct the expected correlation distribution for
this case without having to actually rotate the photon polarisations and
take extra data. Two photons independently routed on the beam splitter
will produce a cross-detector correlation 50 % of the time and so P, (1) =
3 (\€|2 * ]5|2) (7). This is shown in figure 4.14, in the plot labelled ‘Cross-
detector only’, as the dashed trace along with the histogrammed distribution
of the recorded cross-detector correlations for the parallel polarised photons
we have already seen. The measured suppression of the cross-detector cor-
relations then characterises the interference of the photon pairs. To this end
we define the ratio of the measured number of cross-detector correlations,

Nyp, to the total number of correlations expected across channels as

(4.37)

For perpendicularly polarised photon pairs we know Nap = %Nwt and so

from equation (4.31) it follows the two-photon visibility is

V=1-2N. (4.38)

For the data displayed in figure 4.14 of parallel polarised photon pairs inter-

fering, the two detectors showed dead times of 58.7ns and 60.0 ns. Choosing
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Thead = 7O 18 gives v = 0.373 and a calculated visibility of (70.8 & 4.6) %.

When calculating the total number of correlations expected it is desirable
to for as many of these as possible to be directly measured, and accord-
ingly the fewest possible inferred, to reduce the impact of statistical noise.
The approach we have described requires correlations with 7 < 7)_,.4 to be
discard which includes many cross-detector correlations. An alternative ap-
proach would be to correct for the missed same-detector correlations on each

detection channel independently.

As a first approximation the expected distribution of same-detector corre-
lations on detector A can be taken as the auto-convolution of the intensity

profile of the detections
Paa(T) (|5A|2 * |5A|2) (7). (4.39)

The scaling of this distribution would be determined by the ‘bunching’ be-
haviour of the photon pairs with 25 % (50 %) of the total correlations expected
to be same-detector correlations on a given channel in the limiting case of
perpendicularly (parallel) polarised photons. This distribution is compared
to the measured same-detector correlations on one of the output channels in
figure 4.15. The histogram has been scaled such that it has the same total
area as is enclosed in the measurable (|7| > Tgeaq,a) region of the inferred dis-
tribution — however this choice is only taken for presentation purposes as the
overall scaling is not relevant to our calculation. From the sharp cut-off at

Tdead,A = D8.7 18, below which no same-detector correlations are recorded, we
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Figure 4.15: A comparison of the predicted coincidence probability density
(dashed) to the measured correlations (solid) for same-detector correlations on
one channel (4) only. From the measured wavepacket, o |e4|* the expected dis-
tribution of all correlations can be inferred if time-dependent coherence effects are
neglected. The histogram of measured correlations sharply cuts off below the de-
tector dead time, Tqead, A, requiring the remaining missed correlations to be inferred
as described in the text.

can, analogously to equation (4.35), define the y-factor for this detector

_ NAA _ fTC;Oead,A PAA(T)dT (4 40)
Ntot,AA fooo PAA(T)dT ’ .

YA

where Ny4 and N a4 are the measured and expected number of corre-
lations. Similarly one can define this factor for missed correlations on the
second detector, vg, and so find the total number of expected photon pairs
to be

1 1
Niot = —Naa + Nap + —Npp. (4.41)
YA VB

The two detection channels are found to have v4 = 0.466 and v = 0.495,

which, using equation (4.38), gives a two-photon visibility of (69.4 £ 4.2) %.

Although this normalisation approach does not require any measured data to
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be discarded there is a trade-off. Should the interference of the photon pairs
exhibit time-dependent coherence effects we cannot necessarily presume that
the expected cross- and same-detector correlation distributions are simply
given by the convolved profiles of the photon detections. Consider how the
HOM dip seen in the cross-detector correlations as 7 — 0 does not follow
such a profile. Given this dip would create corresponding peaks in the same-
detector correlation rates as 7 — 0 we see that the approach presented
in equations (4.40) and (4.41) will under-count the missed same-detector
correlations. This is why this approach produces a slightly lower visibility.
As our HOM clearly exhibits time-dependent coherence effects we use the first
normalisation method that discards some measured data and gives the total
number of expected correlations without specifying the channels in which
they occur. This is irrelevant for normalising our HOM, however should
we wish to correct for the number of missed correlations on each output
channel independently, as is the case in chapter 5, then further consideration

is required.

4.3 Conclusions

In section 4.1 we demonstrated that the source produces a stream of tem-
porally long single photons using a V-STIRAP process. Each emission has
a better than 93 % chance of containing uniquely one photon and the polar-
isation control of these allowed for deterministic routing to be realised with

~86 % efficiency. Combining this routing with appropriately chosen fibre
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delays allowed the source to deliver pairs of these photons simultaneously
to an experiment at a far higher rate than would be possible using random

routing.

Section 4.2 then demonstrated the indistinguishability of these photon pairs
by presenting the HOM interference of 300 ns long photons with an overall
visibility of (70.8 + 4.6) %. This visibility can be increased up to > 97.8 % by
post-selecting only photon pairs detected within 23 ns of each other. By con-
sidering the form of this temporal decoherence we found that the majority of
pairs (91 %) consist of narrow bandwidth photons with a negligible frequency
difference and a predicted interference visibility of 77.4%. The remaining
pairs contained a photon with a significantly different frequency emitted from

secondary processes, postulated to be those with Ampr = +1.

Overall the source was shown to operate as intended, providing single photons
in well defined temporal and polarisation modes. The imperfections, both in
these levels of control and the finite coherence time of the produced states,
are well characterised and, as far as the data allows, understood. The next

step is to send these photons into more complex systems.



Chapter

Multimode Interferometer

We now consider a more complex optical network than a single beam splitter,
a multimode interferometer (MMI) consisting of four input and four output
modes. All input modes are mapped across all the output modes and we
examine the resulting non-trivial interference between them using photons
from our source. Rather than the ‘bulk’ optics approach with fibre beam
splitters as is used in chapter 4, this MMI is integrated onto a photonic

circuit.

Section 5.1 begins by motivating the use of an on-chip MMI and provides
a few details of the chip fabrication. The process of characterising the chip
using CW light is then described as this is required to predict the evolution of
both distinguishable and indistinguishable two-photon states passing through
the MMI. Section 5.2 then presents these measurements and contrasts them

to the theoretical predications.



5.1. Chip design and characterisation 125

5.1 Chip design and characterisation

5.1.1 A multimode interferometer
Motivating an integrated MMI

The simplest multimode operation in LOQC is the 2x2 directional coupler
— essentially a beam splitter providing some coupling between each input
mode to both output modes. Constructing ever larger unitaries from these
building blocks, whilst possible, requires ever increasing numbers of elements
(e.g. the C-NOT operation demonstrated on a photonic chip in [63] requires
three sequential 2x2 directional couplers to realise a two-photon gate). An
alternative is to realise these multimodal operations using a more general
device, the multimode interferometer (MMI). MMIs directly couple all their
input modes into a single multimode waveguide. The self-imaging principle
states that the input field is then reproduced in single (or multiple) images
at periodic intervals along the waveguide length [104, 105]. Based on this
concept, multimode interferometers have been designed and demonstrated
to serve a number of purposes; demultiplexers [106, 107], power splitters
[108], optical attenuators [109] and optical switches [110, 111] to name a few.
In essence the MMI is a flexible device. Moreover it is hoped that their
monolithic structure will provide greater stability when compared to circuits

constructed of multiple small devices chained together [112].

As well as reducing the resource overhead for more complex LOQC networks,
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the multimode operations possible with an MMI also provide a route to pro-
ducing entanglement between remote nodes in a quantum network. As it
is generally impractical to bring these nodes together, leveraging the entan-
glement between an atom and a photon it emits offers a route to bridging
long distances. A single atom strongly coupled to a single mode of the elec-
tric field, where the internal spin-state of the atom gets entangled with the
emitted photon’s polarisation, is then an ideal architecture for realising such
a system. The transfer of a quantum state between two remote atoms has
been realised by the exchange of a single photon [71], however entanglement
swapping actions [113, 114] on photons emitted from many atoms offers the
scalability to create arbitrary cluster states! across these nodes. An MMI
with these cavity-photons input to each mode could provide this flexible,

multimode operation.

The MMI considered in this chapter is not tailored for any such specific
purpose, rather it provides a non-trivial system through which to observe
the quantum interference of our photons in these multimode waveguides.
Previous demonstrations of MMI devices integrated onto a photonic chip
[112] have utilised photon pairs produced from SPDC sources. The operation
of an arbitrary MMI with our quasi-deterministic source of cavity-photons
is therefore a big step towards realising a scalable quantum network, where
any measurement event is projecting the ensemble of input modes into an

entangled cluster state.

!Cluster states are a specific form of highly entangled quantum states discussed in detail
in [115-117).
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Chip design

The MMI chip was provided by our collaborators in the Centre for Quan-
tum Photonics (CQP) based at the University of Bristol.? It was originally
fabricated by CIP Technologies using an optical lithography process to form
waveguides of silica doped with germanium and boron on a silicon wafer
[28]. The rectangular waveguides have a 3.5 umx3.5 pm cross section and
a refractive index contrast of (nZ,, + nZqding) / (202e) = 1%. This core
size is similar to a single mode optical fibre designed for 780 nm light (with
~@5pm), which is an attempt to minimise the coupling losses between such
fibres and the chip. This coupling is achieved by an array of polarisation-
maintaining fibres glued directly to the chip using Norland Optical Adhesive
61 (NOAG61) to minimise the phase fluctuations and variable couplings asso-
ciated with an unstable interface. It should be noted that both these effects
were still visible when handling the chip and so care had to be taken to

minimise these disturbances.

5.1.2 Characterisation using coherent light
Transformation of coherent states

An arbitrary quantum network can be uniquely described by a transforma-

A~

tion, U, or equivalent matrix U. For an ideal lossless network this transfor-

2In particular thanks must go to Allison Rubenok for bringing the chip to Oxford and
working with us throughout its use.
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mation matrix is unitary, however as we are not operating in this ideal regime
we instead denote the action of the MMI chip as M, with a transfer matrix,
M. Characterising the chip is then a task of finding the form of M. To do
this we follow the method first presented in [118] and formalised to a form
more closely resembling our treatment in [119], for directly characterising

linear-optical networks using coherent light.

The basic action of an N x N transfer matrix can be described by the trans-
formations of photon creation operators between the input modes, &L, and
output modes, lA),TC,

N
by =M-af - M' =" Myal. (5.1)
j=1

Extending this approach to consider input and output coherent states, |a) =
a1, g, ..., an) and |5) = |51, Ba, ..., Bn) respectively where a; and f3; are

the mean photon numbers in mode j, it can be shown that [120, 121]

M o) = (HM - D () - MT> lvac)

- (H D <ﬁk>> jvac) 52)
=16,
with N
Br = Z Mo (5.3)

At

Here we have defined D (a;) = €*% %% as the displacement operator that

creates the coherent state with a; in the j-th mode.
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It is worth noting for clarity that the coherent state |a) is not equivalent to
a multimodal Fock state with «; photons in each mode. As coherent states
are defined to be eigenstates of the annihilation operator, their detection
probabilities are unchanged by previous detections. For example the Fock
state |1) contains a single excitation and thus if a photon is detected in this
mode there is no chance of a second detection (@ |1) =|0)). By contrast the
coherent state |1) — which confusingly is written in an identical manner in its
own notation — represents a Poissonian distribution of number states with a

mean photon number of 1 (a|1) = |1)).

Measuring the amplitudes of M

The general form of an element of M is Mj, = (je%* with 0 < (i < 1
and 0 < 0, < 2m. The amplitudes of these elements can be found by a
straightforward measurement of the splitting ratios across the output chan-
nels of light injected into the chip. Laser light of intensity [ into only input
mode j is described by the coherent state with o; = VT and a;x; = 0. From

equation (5.3) it is then clear to see that the intensity out of mode k is
Iy = | M.’ 1 (5.4)

= Gk = \/? (5.5)

At this point we should consider the normalisation of the transfer matrix

M that best serves our purpose. Ultimately we will want to use the full
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characterisation of the MMI to predict the interference of two-photon states
incident into different input modes. As with the HOM interference of photon
pairs on a beam splitter (see section 4.2) this will be measured as modified
correlation statistics across the output modes. The normalisation presented
in equation (5.5) takes all losses of the input light into account, which for
our MMI chip are significant. With the coupling of the optical fibres into
and out of the chip being aligned in free space and glued into place, the
best coupled input mode still only transmits 40.8 % of the light (—3.89dB
loss). Moreover the absolute probability of detecting a correlation across each
output pair can only be compared to experimental data normalised to the
total number of input pairs. However we post-select our data on measuring
a correlation, and as such only consider cases where losses in the chip have
had no impact. The relevant transfer matrix for our experiment is then one
normalised such that fo:lKij = 1 for all j. Using this, the predicted
distribution of correlations for a given input pair is still correct, however
the relative correlation probabilities between different input pairs is lost (i.e.
has been normalised out). The measured amplitudes of the transfer matrix,

normalised to neglect losses, can be seen in figure 5.2.

Measuring the phases of M

To determine the phases of M we start by noting that, without a loss of
generality, we can take a global phase out of each orthogonal eigenstate of
the system and, with suitable phases chosen, thus set #; = 6;; = 0. The other

phases elements are deduced from the interference of coherent light using the
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Figure 5.1: The experimental set-up used to characterise the MMI chip with
coherent light. The transfer matrix contains elements each with an amplitude and
phase, the former of which can be determined from direct measurement of the
splitting ratios for light injected into each input mode. To determine the phases,
an interferometer is set up to inject coherent states |a;) and |ag) = |ei¢a1> into
two modes. The relative phase shifts between the interference fringes measured at
each output then gives phase values of the transfer matrix, M, as described in the
text.

set-up illustrated in figure 5.1. Two coherent states of equal intensity are
produced from a 50:50 beam splitter, with a phase driven onto one optical

path? such that |ay) =

e?aq). The state |a;) is then sent to input mode 1

and |as) is sent to j. The output at mode k is then given by

I = I| My + My |*
=1 [ka + ka + GGk (ei(wej’“) + e*i(¢+9jk)>] (5.6)

=T [¢H + i + 2CukGji cos (¢ + O5)] -

As the phase, ¢, is scanned from 0 to 27, the phase difference between the
interference fringes at output 1, where recall 6;; = 0, and output k # 1 then
gives 0. With the maximum observed at output 1 when ¢ = 0 or 27, the
subsequent maximum at k occurs when ¢ + 0;;, = 27, or equivalently when

¢: 27T—9]k

3The phase was driven using a piezo tube to stretch the fibre.
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The interference fringes across the four MMI outputs are shown in figure 5.2
for light injected in modes 1 and 3. The raw data was collected and provided
to us by our collaborators from Bristol. It can be seen that the fringes are
not perfectly stable. This implies either a changing phase difference within
the chip or, more likely, slight non-linearity in the phase application and
frequency drifts in the laser. As such the calculated phases, plotted for all
matrix elements, were taken from an averaged phase difference over many
periods rather than from the single cycle over which they are labelled for

illustrative purposes.

Summarised elements of M

For completeness the amplitude and phase values of M, displayed in fig-
ure 5.2, can be summarised into two matrices ( and 6 respectively such that

0.
Mjk = Cjkel ik

0.28 0.7 045 0.48 0 0 0 0
041 0.6 041 0.54 0 3.67 3.86 1.34
(= 0= (5.7)
0.42 0.61 0.55 0.38 0 284 0 4.29
0.56 0.41 0.59 0.41 0 0.39 294 4.25
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Figure 5.2: Summarised results of the amplitude and phase values for the MMI
transfer matrix and an example phase measurement. On the left the trans-
fer matrices values are shown, with the amplitudes, (;i, normalised such that
Zszl‘Cjk‘Q =1 for all j. On the right the measured interference fringes at each
output mode are shown for coherent states injected in input modes 1 and 3. The
measured phases for one period are shown for illustration, however the final values
used are averaged over many periods to reduce the impact of instabilities in the
interferometer outside of the chip.

5.2 Two-photon interference

5.2.1 Principles of two-photon interference
Correlations

To characterise two-photon interference in the MMI chip we consider the
expected correlation distribution when photon pairs are injected across the
input modes. This is an analogous process to the HOM interference on a
beam splitter described in section 4.2, with twice as many input and out-

put modes and a considerably more complex transformation between them.
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What remains the same though, is that we can consider the limiting cases of
temporally overlapped parallel (indistinguishable) and perpendicularly (dis-
tinguishable) polarised photon pairs. For the latter case of non-interfering
photons input to different modes ¢ and j, the probability of measuring the

photons in output modes k and [ is [119, 122, 123]*

1
Chl — M My|® + | My M |*) . 5.8
9= 1560 (1M M |” + [ My M.|7) (5.8)

For perfectly interfering photons this becomes

1
M= M M;; + My M. |? :

where dy; is the Kronecker delta function. It is immediately clear that in the
non-interfering case the correlation probability is simply the probability of
both input photons being routed to the requisite output modes, regardless
of labelling and the interaction between them, whereas the relative phase
difference between the modes can play a significant role for indistinguishable

pairs.

Similarity

Before the measured performance of the chip is presented, it is important

to consider how it can be quantified. The standard measure of the distance

4The treatments found in [119, 122, 123] do not consider same-detector correlations (k = [)
and so do not have the Kronecker delta function included to avoid double counting these
events. They do however include same-input (i = j) events and thus have equivalent
terms for those cases.
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between two density matrices, p and o, is their fidelity, defined as F (p, o) =
Tr [\/\/po\/p] [124]. When instead measuring these quantum states with
some operator, O, with the possible results (indexed i = 1,2,...) observed
with probability p; = Tr(pO) or ¢; = Tr[cO] depending on the state of the

system, the classical fidelity,

F(p.a) =) VPt (5.10)

is used. For a choice of measurement that maximally distinguishes the mea-
sured probability distributions (i.e. minimises F'(p,q)) this term is known
as the Bhattacharyya coefficient [125]. To this end we define the similar-
ity of two probability distributions, p = (p1,pe,...) and ¢ = (¢1, 2, ... ), to
be

S(p.q) = PRV (5.11)

VP
which is the classical fidelity, normalised for probability distributions that
do not sum to one. With this the limiting cases of orthogonal and identical
distributions give similarities of zero and one respectively. This is a style of
measure widely used in the field of photonic chips, either as a classical fidelity
[28], as the similarity defined here [123], or as the square of equation (5.11)
[126].
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5.2.2 Measured cross-detector correlations

Results for inputs 1 and 2
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Figure 5.3: The probability distribution of cross-detector correlations across
all possible output channels of the MMI chip for photons input into channels 1
and 2. The measured data (yellow) with associated error bars is compared to
the theoretical predictions (blue) for both parallel and perpendicularly polarised
photon pairs. The similarities of the theory to the data are S = 98.970:4% and
S = 99.473-3% respectively.

To fully characterise the truth table of the MMI chips operation we would
need to measure the behaviour of every pairwise combination of inputs —
a very time consuming process for a 4x4 system. Instead we chose pairs of
inputs and measured across all output channels to observe how the correlation

distribution changed for distinguishable and indistinguishable photons.

The results for photons input simultaneously into ports 1 and 2 are shown
in figure 5.3 for both parallel and perpendicularly polarised pairs. The mea-
sured probability of each cross-detector correlation channel is compared to
the theoretical predictions given by applying equations (5.8) and (5.9) to
the transfer matrix, M, characterised in section 5.1.2. There is a strong

distinction between the behaviour of indistinguishable and distinguishable
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photon pairs and a good qualitative agreement to the theory in both cases.
This agreement can be quantified by the similarities of the data to the pre-
dictions; S = 98.9%94% and in S = 99.4704% for each case respectively.
To provide perspective the similarity between the predicted distributions for
perfect and no interference is 90.2%. There is strong evidence then that
both the characterisation of the chip produced at good approximation of the
transfer matrix and that the photon pairs produced by the source can be

tuned between high and low levels of quantum distinguishability.

The data presented here requires the total number of correlations measured
across each output pairing to be normalised for the total number of pairs
that could have been measured. As was discussed in detail in section 4.2.2
the dead time inherent to our single-photon detectors inevitably leads to
an under-counting of same-detector correlations. However by knowing the
overall distribution with which our photons arrive (i.e. their wavepacket)
the total number of missed correlations can be inferred from the temporal
distribution of the measured correlations outside of this dead time window.
Once again this approach is used, with the simple extension to more channels
across which these total correlations must be collated. It should be noted
that the probabilities shown in figure 5.3 do not sum to one as same-detector
correlations are omitted. As such the normalisation provides the equivalent
scaling of the data to that of the theory, however it has no impact on the

calculated similarities due to the in-built normalisation of the measure.
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Uncertainties

Thus far in both figure 5.3 and the HOM measurements from chapter 4
we have used the +v/N error bars associated with the number of measured
events N. This comes from the number of events being a variable selected
from a Poissonian distribution, which has variance equal to the mean, and
is common practice in many photon counting experiments [36, 38, 58, 101].
However these distributions are increasingly asymmetric for lower N and so
describing the uncertainty in our measurements with these symmetric error
bars becomes increasingly inadequate. Instead of simply propagating these
errors through the similarity formula given in equation (5.11) we use Monte
Carlo methods to find the distribution of similarities we would expect to
measure given the Poissonian counting statistics. From this we can find the

most likely measurement outcome and place reasonable bounds upon it.

The Poissonian distribution of mean and variance A\ gives the probability of

measuring n events as [79]

P(n;\) = . (5.12)

Given a measured distribution of raw events { Ny, N, ...}, the most likely
Poissonian distribution from which each measurement is taken is that with
A = N, [38]. We can then sample many possible distributions {nj,ns,...}
from {P(ny; N1), P(ng; Na), ... } and calculate the corresponding distribution

of similarities.
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Figure 5.4: Similarity distributions generated from a Monte Carlo propagation of
uncertainties for both parallel and perpendicular photons input to MMI channels 1
and 2. Each distribution has the mean (black) and most likely (green) similarities
marked with vertical lines, bounded by the 68 % highest posterior density interval
(dashed green). The similarity obtained from the raw distribution measured in
each case (blue) is also shown.

Figure 5.4 shows this treatment applied to the results from using parallel
and perpendicularly polarised photon pairs already presented (see figure 5.3).
The similarities of the measured distributions of raw events, { Ny, No, ...}, to
the theoretical predictions are marked with vertical blue lines and are seen to
not correspond to the most likely similarity from our distribution, marked in
green. This is because the normalisation of these raw distributions provides
a non-trivial relationship between the previously independent values that

comprise them. We use the most likely similarity as our quoted result.

The means of the generated distributions are marked with black lines and em-
phasises the distributions’ asymmetric nature. There is not a unique choice
of where to place error bounds on these distributions, however we elect to use
the highest posterior density interval. This means that the region within our
bounds, here containing 68 % of the distribution, contains the highest prob-
ability density (or equivalently is the closest the two bounds can be whilst

still enclosing the required probability).
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Contextualising similarities
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Figure 5.5: Comparisons of the similarity between randomly generated proba-
bility distributions to the measured distributions for parallel and perpendicular
photon pairs, as well as the case of another random distribution. Each plot was
generated for using 1000000 trials, and the mean (black) and most likely (red)
similarities obtained are marked on each plot, along with the 68 % credible interval
(dashed red). For the cases where comparisons are to measured distributions, the
similarity of the measured to the theoretical distribution is also marked (green),

once again with the 68 % credible interval (dashed green). The most likely similar-

ities obtained for the parallel, perpendicular and random cases are S = 82.179:3.%,

S =90.8732% and S = 87.677;3:% respectively.

The similarities present thus far may seem surprisingly high but in fact this
is simply a feature of similarity as a measurement and so it is informative
to provide some context. With it already established that orthogonal and
identical distributions give similarities of zero and one respectively, it is nat-
ural to assume that taking the similarities to randomly selected distributions
evenly populates this range. This is however not true as can be seen in fig-
ure 5.5 where similarities of the measured distributions for parallel and per-
pendicularly polarised photons are compared to many randomly generated
6-dimensional distributions (corresponding to the six possible cross-detector
correlation channels).® Additionally the similarity of two randomly generated

distributions is also shown. In all cases the mean of the resultant distribution



5.2. Two-photon interference 141

is marked with the black line, with the 68 % credible interval denoted with
the dashed red lines and the solid red line marking the most likely value ob-
tained. For the parallel case the similarity to a random distribution is found
to be S = 82.179:,%, the perpendicular case is higher still at S = 90.8731%
and, showing the inevitability of these high values, two random distributions

will most likely show S = 87.6773:%.

This does not stop us from concluding that the measured data is indeed
sampled from a real probability distributions close to those predicted by the
theory. The chance of a randomly selected distribution providing a simi-
larity within the 68 %(95 %) credible interval of the measured distribution is
0.3%(0.8%) and 0.4 %(1.4 %) for the parallel and perpendicular cases respec-
tively. It is highly unlikely that both of these measurements are flukes. To
see this physically consider the overlap of the distributions shown in figure 5.5

with the measured 68 % credible interval of the data, marked in green.

Time-resolved similarity

Once again we can make use of the long temporal profile of our photons
to interrogate their interaction as a function of the temporal separation of
correlated detections. Figure 5.6 shows the similarity of the parallel polarised

photons to the theoretical distributions expected for maximally and none

5Care must be taken when generating random n-dimensional distributions. The naive
approach of normalising a vector of random numbers does not evenly populate the possi-
ble parameter space (consider in three-dimensions how the projection of evenly sampled
points within the unit cube does not evenly sample the unit sphere). Instead the distri-
butions are obtained by randomly generating a point in the n-simplex.
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Figure 5.6: Time-resolved similarities showing the comparison of the measured
data for parallel polarised photon pairs to the theoretical predications for perfectly
coherent, Q’fé, and distinct, Cg, photons. Correlations are separated into 50 ns
wide bins, with a pitch 5ns between successive data points. The solid lines show
the similarity using the correlations within |7|425 ns with the dashed lines marking
the 68 % credible interval.

interfering pairs as a function of this detection time difference. These plots
consider only correlations with a detection time difference within £25ns of
the time on the axis, and so the error bounds — shown as the dashed lines
— are accordingly larger. These smaller data sets are also more susceptible
to statistical noise, which is more likely to negatively impact the similarity
than positively and so it is not surprising that the time-resolved measures

never exceed the similarity quoted for all correlations.

What we see is a sustained period of good coherence for temporally closer
photon detections where the measured distribution is more similar to that
which we expect for indistinguishable photons ({Q¥,}). However once the de-
tections are more than approximately 90 ns apart — which begin to contribute
to the analysis at |7| = 65 ns due to the 50 ns bin width used — the interfer-

ence begins to degrade until 15 ns later the resulting correlation distribution

is more similar to that expected for distinguishable photons ({C}4}). This
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resembles the decoherence observed in the HOM interference of these pho-
tons as summarised in table 4.1 and once again illustrates the finite period

(coherence time) for which the photons remain indistinguishable.

It is interesting to note that photons detected 90 ns apart would correspond
to a spatial separation of approximately® 18 m (treating them as point par-
ticles) — many times longer than the chip itself. As such, interference is
observed even when the photons could naivly be thought to have never been
simultaneously present in the chip. This nicely underpins the wave-like prop-
erties of photons in quantum mechanics, with a photon considered an energy

quantum occupying a well-defined mode, extending in space and time.

Time-distinct correlations

That it is preferable to obtain data in the shortest possible time period
may not be a surprising point but it is an important one. Whilst there is
the obvious practical benefit of time saved, it also increases the confidence
with which different data sets can be compared. Although normalisation
can account for changing rates of photon generation, subtle changes that can
occur over hours or days in a lab can impact, for example, the coherence time

of the photons or their polarisation alignment within the chip itself.

One place in which we can extract more information from a single experi-
ment is how we get the reference for the behaviour of non-interacting photons.

Thus far this was achieved by rotating the photons to be perpendicularly po-

6Using the reasonable approximation that the speed of light in a fibre is 2¢/3.
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Figure 5.7: Correlation distributions for time-distinct orthogonal photon states
input, with parallel polarisations, into modes 1 and 2. Correlations measured 2
and 4 driving shots apart are compared to the predicted distributions for non-
interacting photon pairs and show similarities to the theory of S = 99.81“8:%% and
S =99.6703% respectively.

larised, however this is only one way in which they can be made distinct.
Another approach would be to make them distinguishable in time, which is
to say their wavepackets never overlap and so interference is impossible. This
is happening all the time in our system, the different path lengths travelled
by subsequently emitted photons delays them such that they arrive simulta-
neously, however photons produced further apart in time will never interact.
To see these we consider correlations not between multiple detections within
the same driving pulse, but 2 or 4 (or more) pulse windows apart (recall

from section 4.1.3 how the near deterministic routing restricts the majority

of photons to arrive an even number of driving pulses apart).

The correlation distribution between photons in orthogonal states is shown in
figure 5.7 for detections 2 or 4 driving pulses apart, extracted from the same
parallel polarised data set already presented. These distributions are once
again compared to that expected for non-interfering photons and they can

be seen to match well with similarities of S = 99.8702% and S = 99.6703%
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respectively. This is an equivalent level of agreement to that seen for cor-
relations within the same driving window for perpendicularly polarised pho-
ton pairs, shown in figure 5.3, which displayed a similarity to the theory of
S =99.4701%. An additional benefit of this new approach is that normali-
sation to the total number of photon pairs that make it through the chip is
trivial. The same-detector correlations are separated in time by much more
than the detector dead time and hence can simply be counted without any

need for corrections or events missed.

Results for inputs 1 and 3

Thus far we have only considered photons input into modes 1 and 2 and so,
to provide a second reference point, we now consider a new input pairing
of 1 and 3. Once again the cross-detector correlation distributions for the
interfering and non-interfering cases can be compared to those predicted
from the measured transfer matrix. These are shown in figure 5.8 where the
orthogonal reference has been taken from correlations distinct in time as has

already been discussed.

The similarities measured in the interfering and non-interfering cases are
S = 96.4719% and S = 99.7702% respectively. Whilst still indicative of
qualitative agreement, the interfering case is not in as good agreement with

the predicted behaviour as that measured using inputs 1 and 2.

In the case of non-interfering photons the correlation distribution is simply a

combination of the relative splitting amplitudes of each input mode across the
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Figure 5.8: The probability distributions of cross-detector correlations across the
output channels of the MMI chip for photons input into channels 1 and 3. The
measured data (yellow) is compared to the theoretical predictions (blue) for both
interfering and orthogonal photon pairs. The similarities of the theory to the data
are S = 96.471-9% and S = 99.770-2% respectively. Here, ‘orthogonal’ refers to the
property of the photon states not overlapping in time. Their polarisation is then
not relevant, and indeed is parallel for the data shown here.

output modes. As the similarity of this distribution is still in good agreement
to the theory, any loss of performance for interfering photons is attributable
to changing phases in the transfer matrix or photon coherence effects. It
would not be surprising if the chip exhibited some deviation from the oper-
ation measured during characterisation as the delicacy of the inputs, which
are simply glued into place as has already been discussed, means that subtle
performance changes are observed even when handling the chip carefully in
a lab setting. The experimental runs using inputs 1 and 2 were taken shortly
after characterising the chip whereas inputs 1 and 3 were taken a couple of
weeks later. Small changes to the transfer matrix in this time could partly

explain the lower similarity measured in the later case.

Additionally the similarity between the predicted distributions for interfering
and distinguishable photon pairs input into 1 and 3 is 88.7 %, lower than the

90.2 % of the equivalent distributions for inputs 1 and 2. Any measurement
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will be composed of some combination of photons (determined by their visi-
bility) acting as coherent two-photon states or as fully distinguishable pairs.
Thus even if the coherence of the photons is unchanged between the two runs
we would still expect a greater deviation from the predictions when we have

more distinct limiting cases.

Given these factors, as the measured results are still a far better match
to the theory than would be expected if they were uncorrelated, it seems
reasonable to conclude that the performance of the source and the chip is

not significantly worse than that already presented on inputs 1 and 2.

5.2.3 Including same-detector correlations

Results for inputs 1 and 2

An extension of the analysis thus far is whether the same-detector corre-
lations that have been neglected can be accounted for. It has already been
described how the total number of missed detections can be inferred from the
overall distribution of the correlations and so we now consider how these miss-

ing correlations are distributed across the different output channels.

Consider the limiting cases of perfectly interfering and distinguishable pho-
tons. Setting the output modes to be the same in equations (5.8) and (5.9)

(k =1), it is easy to see that

kk

C;’; =2V {i,j,k}. (5.13)

v
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This tells us that for any given input pair and output channel, we expect twice
as many same-detector correlations for indistinguishable input photons. Of
particular note to us is that the overall distribution of these correlations
across the output channels does not change. By extension any partially
coherent states will also distribute same-detector correlations in the same
way, with only the fraction of input states that produce these same-detector

correlations changing with the photon pair distinguishability.

All that remains is to find this distribution of same-detector correlations
for which we once again turn to the time-distinct photon pairs that give
correlations across different detection windows. As these correlations are
not within the detector dead time the same-detector events are not missed
and so their distribution is straightforward to find. The total correlation
distribution across all possible output pairings for detections 2 and 4 driving
windows apart are shown in figure 5.9 for photons input into modes 1 and
2. Also shown are the distributions of correlations within the same driving
window for parallel and perpendicularly polarised input photons, corrected

to include the missed same-detector correlations.

The time-distinct correlations show equally good agreement to the theory as
the cross-detector only part of the data set already presented in figure 5.7
with similarities of S = 99.6702% and S = 99.5703% for the +2 and +4
correlations respectively. The corrected distributions for parallel and per-
pendicularly polarised input photons, the cross-detector correlations of which
have already been presented in figure 5.3, are shown with the inferred same-

detector correlations marked as the green segments. The similarities of these
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Figure 5.9: The correlation behaviour across all output pairings for the MMI chip
using inputs 1 and 2. The correlations measured for parallel and perpendicular
photons are shown, corrected for the same-detector correlations missed due to the
finite detector recovery times, and compared to the theoretical predications. The
distribution of these corrections, shown in green, is inferred from the orthogonal
reference case of time-distinct pairs, which are shown for a detection window sepa-
ration of 2 and 4. The similarities of the four distributions to the theory are Para.:
S = 98.30-2%, Perp.: S = 98.9703%, +2: § = 99.6732%, and +4: S = 99.579:2%.
complete data sets to the theory are S = 98.3702% and S = 98.919:2%. As
all possible output channels are now being considered the probability distri-

butions sum to one and so the similarities quoted are in fact equivalent to

the classical fidelity defined in equation (5.10).

Results for inputs 1 and 3

The same analysis can be performed on the data collected for parallel po-

larised photon pairs input into modes 1 and 3. The results are summarised
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Figure 5.10: The correlation behaviour across all output pairings for MMI chip
input 1 and 3. The same-detector events for parallel polarised photons are cor-
rected (the additional green sections) for the missed correlations. How these missed
events are distributed across the output channels is inferred from the orthogonal
reference of time-distinct correlations also shown. The similarities of the parallel
and orthogonal cases to the theory are S = 97.770-8% and S = 99.4793% respec-
tively.

in figure 5.10 where the orthogonal reference shows a similarity to the theory

of S =99.4703% and the interfering photons show S = 97.7+5:8%.

Inferred two-photon distinguishability

As a final step we ask, what does the observed behaviour tell us about the
coherence of our photons? Deviations from the theoretical predications can
either occur due to imperfect characterisation of the chip, a changing transfer
matrix between characterisation and experiment or some degree of distin-
guishability between the input photons. The latter of these has already been
seen with the limited coherence time of the photons giving rise to degrading
chip performance for further separated detections (figure 5.6), and the imper-

fect visibility of HOM interference between our photons (section 4.2.2).

We have previously used the visibility of this HOM interference as the metric
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of out two-photon distinguishability and an equivalent visibility can be de-
fined for each correlation channel of the MMI chip as V;;“l =1 —Qf} ijl [112].
HOM interference has a maximum visibility of 100 % as theoretically all cross-
detector correlations should be suppressed for indistinguishable photons, al-
lowing the visibility to be used interchangeably with the indistinguishability
of the photon pair interacting. However for the more complex MMI chip,
there is no guarantee that even perfectly interfering photons will produce

any particular visibility with respect to the non-interfering reference.

As such, rather than use visibility as our metric we consider that the dis-
tinguishability we wish to quantify is simply the probability that any given
pair will act as if they are indistinguishable. From this we can see that the
expected statistics of many such pairs passing through the system will sim-
ply be the weighted average of the two limiting cases of distinguishability.
Formally the expected correlation distribution will be given by
KL\ kl il

where 0 < r < 1, with r = 0 (r = 1) clearly corresponding to completely dis-
tinguishable (indistinguishable) photons. The value of r that best describes

the observed behaviour can then be found by maximising the similarity of

this behaviour to the distribution given by equation (5.14).

Doing so for the measured distributions shown in figures 5.8 and 5.9, gives
similarities of S = 99.170-3% and S = 99.4702% for r» = 0.728 and r = 0.684

respectively. This corresponds to two-photon pairs that were on average
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72.8% and 68.4% indistinguishable, which is in good agreement with the
(70.8 + 4.6) % two-photon visibility observed from HOM interference. It ap-
pears then, that there was no significant degradation of performance when

switching the photons to interact in a different linear optical network.

5.3 Conclusions

In this chapter we have demonstrated the quantum interference of photon
pairs from our source as they are passed through an MMI integrated onto
a photonic chip. This behaviour was unaffected even when considering de-
tections much further apart in time (up to 90ns) than the propagation time
through the chip itself. Once again we also demonstrated control over the
interference of the photons by setting their polarisations to be either parallel
or orthogonal. It was also shown that we can consider photons distinguish-
able in time rather than polarisation to extract both the interfering and

non-interfering behaviour from a single experimental run.

Using the correlation distribution of these time-distinguishable photons, the
distribution of the same-detector correlations missed due to the finite recov-
ery time of the detectors can be found. As such we considered all (including
same-detector) correlation channels to find a complete picture of the inter-

ference behaviour.

By considering the degree to which the observed behaviour deviated from

the theoretical predications, the probability of two photons behaving as if
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they are indistinguishable was found (72.8 % and 68.4% for the two input
pairings considered). Comparing this to the two-photon visibility observed
from HOM interference on a fibre beam splitter ((70.8 +4.6) %) we found
that the indistinguishability of the photons was not significantly effected by

the changed optical network.

In summary the combined system of our single-photon source and an in-
tegrated photonic chip, each of which had been individually characterised,
displayed no additional issues created by their interfacing. This is an im-
portant step towards showing the suitability of these multimode devices for
realising non-trivial operations within optical networks, both for LOQC and

distributed quantum networking.

The next step is then to surpass these ‘proof-of-principle’ demonstrations.
It had been hoped that our source would generate three- or four-photon
states for this experiment but the efficiency with which they were prepared
prevented this data from being taken within a reasonable time frame. For ex-
ample, the data presented for parallel polarised photons pairs incident across
inputs 1 and 2 was taken over an entire working day, using ~40000 MOT
launches, and contains just 4 events that, with appropriate routing, could
have been converted to the input and subsequent detection of a three-photon
state. This however is not a fundamental limitation of the proposed source,
but rather the result of losses within our experiment and, in particular, of

the effects discussed in chapter 7.



Chapter

Cavity Birefringence Effects

One of the characteristics of the system that has not yet been addressed
is the non-negligible birefringence of the cavity. This is to say that the
cavity supports two orthogonal polarisation modes that resonate at different
frequencies due to their differing path lengths for a single round trip of the

cavity.

Section 6.1 will present a model for dealing with the coupling of a single
atom to such a birefringent cavity. The predictions of this model are then

compared to measured effects in section 6.2.

Section 6.3 will then discuss the wider implications of birefringence to a
coupled atom-cavity system by considering a range of degeneracies and ori-
entations of the cavity polarisation modes, before section 6.4 concludes with

the implications specific to our system.
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6.1 Modelling V-STIRAP in birefringent cav-

ities

Birefringence is intrinsic to all dielectric multilayered mirrors — the standard
fabrication process for high reflectivity mirrors — where the interference of
reflections from, typically of the order of 50, different layers in the dielectric
stack is tuned to the desired performance and wavelength [127]. In most cases
however this splitting of the polarisation eigenmodes is much smaller than
the linewidth of the cavity and thus essentially unresolvable [128], although
various studies have still looked to exploit this effect for applications such
as cavity stabilisation [129, 130]. The ultra-narrow linewidth of our cavity,
coupled with the possibility of asymmetric strain on the mirror substrates
— which can increase the birefringence [130] — means that we can directly
observe this splitting in the transmission of our cavity. This is shown in fig-
ure 3.4 where the observed birefringence of Ap /27w = 3.5 MHz is clearly visible

with the linewidth of each mode seen to be Awpwmn /27 = 3.75 MHz.

This naturally leads to the consideration of what effect this birefringence will
have on both the process efficiency and polarisation state of single photons
produced in the cavity. Of course polarised light passing through birefrin-
gent components is extremely well understood — the different path lengths
of orthogonal modes leads to a relative phase difference between them and a
rotation of the overall polarisation state. When this path length is a half or
quarter wavelength of the light the actions are simply those of the respective

waveplates.
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The process we are driving is not so straightforward. To begin, the polar-
isation of the photon produced is defined by a specific hyperfine transition
between magnetic substates of the atomic energy levels. However this may
not, and likely will not, be aligned to one of the cavity modes. Whether this
manifests as a reduced atom-cavity coupling, a complete inhibition of the
process, or otherwise was an open question and motivated the modelling and
analysis that follows in this chapter. Moreover the rate at which the cavity
eigenmodes run out of phase is non-negligible compared to the rate at which
the photon decays from the cavity. How this dephasing affects the photon
along its length and our ability to reliably route them by polarisation will

also be examined.

6.1.1 Setting up the model

Three-level A-systems in birefringent cavities

Consider a birefringent cavity with its two degenerate modes, and define
the polarisation basis of this to be {|X),[Y)}. Whilst directly modelling
this is difficult, an entirely equivalent (if unphysical) system would be to
consider two cavities, one for each polarisation, with Ap the splitting between

them.

Introducing an atom coupled simultaneously to these cavities, our state no-
tation is |s, nx, ny) where s is the atomic state, and n; is the photon number

in the cavity supporting mode [i). The dimensions of our state space is
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M x N x N where we consider M atomic states and restrict each cavity to

have 0,1,..., N — 1 photons within it at any time.

The Hamiltonian for the coupled atom-cavity system can be written as

A~

H = ﬁatom + 7:[cav + ﬁinta (61)

where we can immediately write the first two terms corresponding to the

energy of the bare atom and the bare cavities as

Hatom = 1> wils) (s| @ Ty ® Iy, (6.2)
7:[cav = ]IM & h(wxdi(&x —+ wYégéy). (63)

Here ax and ay are the annihilation operators for each cavity and Ip is the
identity matrix of dimension P. These identity matrices are included for
completeness as they correspond to the (lack of) action on the unperturbed
part of the system. For a simple cavity — limited to only ever have one or

zero photons (N = 2) — the annihilation operator is

01
a= (6.4)
0 0
Extended to our two cavity system we can then write
ax = a® Iy, (6.5)
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The laser and cavity interactions in the Hamiltonian then take the form

/;':Lint - _h(,]:[int,L + ﬂint,C)a (67)
- Q(t . .
Hint,L = % Z |5;) (si| €7 + |s;) (s5] €M | @I @ Iy, (6.8)
Fiano = go | 32 1s5) (ol @ i + a @ [51) (53] | (6.9

where wry, is the laser frequency, go is the atom-cavity coupling rate, s; and s;
are respectively the ground and excited atomic states coupled by each, and
ay is the annihilation operator for the appropriate polarisation in the atomic

basis as will be discussed in section 6.1.2.

It is worth noting that Qutip.mesolve (the Python package.function used
to model these systems) uses a master equation approach to model the
time evolution of the system where the density matrix, p, is given by [131,

132],

Ch= [0 + L), (6.10)

where [:(ﬁ) is the Lindblad operator accounting for the relaxation of the

system. It takes the form

with C,, the collapse operators. In our case these couplings are either photon
emission from the cavity, with I;; ® v/ 2/4&&73,, or spontaneous decay between

atomic levels j — @ with /2v;; * |s;) (s;| ® Iy ® L.
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Moving from Schrodinger to the interaction picture
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Figure 6.1: Basic V-STTRAP system with the driving laser and cavity detuned by
Ar, and Ac respectively, and two cavity modes split in energy by the birefringence
of the cavity, Ap.

We have formulated the Hamiltonian in the Schrodinger picture where the
energy of each individual state is explicitly considered. However, modelling
this Hamiltonian is impractical as the high frequencies of each state — which
require a very fine time-resolution, and thus long computational time, to
correctly handle — make the simulation very demanding. Instead we change

frame using a unitary transformation given by!

U = el (6.12)

Specifically to move into the interaction picture (where all the high frequen-
cies disappear and we need only concern ourselves with the far more man-
ageable detunings in the system) we choose G = H,, i.e. the ‘bare’ Hamil-

tonian that doesn’t take into account the interaction. To find 7:[0 we take

IAn introduction to time-dependent perturbation theory and moving between the
Schrodinger and Heisenberg pictures can be found in [133].
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the diagonal of the full Hamiltonian derived in the Schrodinger picture. The

Hamiltonian in the interaction picture is then given by

Hi=U -H-U -G (6.13)

It is important to note that any operators that we take the expectation values
of to probe the systems behaviour must also be rotated. Given its form in the

Schrodinger picture, Os, an operator in the interaction picture, O is

~ A~

Or=U-0g-Ut. (6.14)

6.1.2 Handling the polarisation bases of the model

With the Hamiltonian for our model set-up, we now turn our attention to
ensuring we use it in a way that is consistent with a physical system. In
particular, care must be taken to correctly handle the various polarisation
bases that are required. To this end, Jones calculus is used, which describes
polarised light with Jones vectors representing the amplitude and phase of a
photon in a particular basis, and with Jones matrices representing linear opti-
cal elements — namely half- and quarter-wave plates — and rotations between
bases.? This section will firstly define the bases of interest and describe, in
a general sense, how to find the appropriate mappings between them to cor-
rectly populate states with creation and annihilation operators. The specific

mappings for the physical system we have are then presented.

2An introduction to Jones calculus can be found in [134].
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General approach

To run the model, there are two key polarisation bases, namely those of
the atomic transitions and the birefringent cavity modes. Furthermore, for
any physical system, a sensible starting point is to find these bases rela-
tive to a known reference — typically the lab basis. Finally the routing of
the photons, our ability to send them out of either mode of a PBS using
waveplates, will also need to be considered. Since our model’s states are in
the cavity basis, this is the basis in which our simulation results are found,
and thus routing could be described by rotating into the lab basis and then
applying the requisite actions of linear optical elements to our photons — es-
sentially necessitating a second rotation. However, for brevity and simplicity
of modelling we instead define a fourth basis, the routing basis, as having
eigenmodes that, given a particular configuration of our routing optics, would
be uniquely routed into a single output of the PBS. This has the advantage
of requiring only one rotation, from the cavity to the routing basis, in order
to measure the routing behaviour. The four bases, and their eigenvectors,

which we will consider can thus be summarised as:
e Cavity: {|X),|Y)},
e Atomic: {|R),|L)}.
e Lab: {[H),|V)},

e Routing: {|M1),|M2)}.
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To move between these bases we specify the rotation matrices }?LC, }A%L A, f%c A,
and so on, where lf{ij maps from basis ¢ to j. A general form for these

mappings is

elf1,ij ij —e 192, 1 — a2

Ry = B (6.15)

el¢2,ij 1 — a?j e—1¢1,ij Qi

where 0 < a;; < 1 and ayj, ¢1,5, 92,5 € R. It is important to note that these

mapping are unitary and thus }?ﬂ = }?L

To correctly populate the model’s states — which, we recall, are in the cavity
basis — with photons produced from the atomic V-STIRAP transition, the
creation operators for a photon in the atomic modes, d; and dTL, must be
expressed in terms of the cavity creation operators, d; and &I(. The operator
in the cavity basis that produces a photon in the |R) mode of the atomic

basis can be written as
&I% |Vac>c = |R>c = }%AC |R>A (6.16)

where the subscript on each state denotes the basis in which it would be writ-

1
ten — for example |R), = . Using equation (6.15) this becomes

0
A

af, [vac), = €14° apc [X) + €0 /1 — a3 [Y)

— oifrac QaAC d:TK lvac)c + elP2.a0 mfl:{ |Vac>c

(6.17)
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and so

ah = €?14C ol 4 el%2a0 /1 — adal. (6.18)

The population of a polarisation mode, |K), is found by taking the expecta-

tion value of the number operator, a, x = dK&L,

<&n,K> (t) = Tr(p(t)dn,K)a (619)

where p(t) is the density matrix of the system at time ¢ as returned by the

simulation.

Finding the bases of the system

As we have seen, all the information required to correctly handle the polari-
sations bases in the model is contained within the rotation matrices that map
between them. We now find the correct forms of these mappings, either by
directly inferring them from the properties of our system, or by measuring

them in the lab.

The atomic basis is set to be that of left and right circularly polarised
light, which can be expressed in terms of the linear lab basis in the nor-

mal way,

1 )
|R>L = EOH)L —1 |V>L)7 (6-20)
L)y, = —=([H), +1[V),). (6.21)

Sl

2
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The rotation matrices between the lab and atomic bases then immediately

follow,
1 1 —i

o= = -
-1 1

(6.22)

As the atomic transitions coupled by the cavity and driving laser are circular

and mutually orthogonal this is a clear choice for the atomic basis.

The orientation of a birefringent cavity’s modes will be specific to the cavity
under consideration and so must be measured in the lab. This was done by
directly observing the transmission of light through the cavity. Specifically
light coupled into the cavity started in the |H) mode and was rotated using
standard half- and quarter-wave plates until all the transmission was seen in
a single mode. The actions of these waveplates in the lab basis are described

by the Jones matrices [134]

() — e cos(20)  sin(26) | (6.23)
sin(26) — cos(26)
Ou(é) = ¢ cos(¢)” +1isin(¢)” (1 —1i)sin(¢) cos(¢) | (6.24)

(1 —1)sin(¢) cos(¢)  sin(¢)® +icos(¢)”

where 6, ¢ are the angles of the waveplates’ fast-axes with respect to the hor-
izontal. The rotation from the lab basis to the cavity basis is then described

by finding ¢, ¢’ such that

Qu(¢) - Hu(¢) ), = [X)p = Rew [X)e - (6.25)
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For the case of our cavity it was found that ¢ = 335°, # = 264° which, by

comparison to equation (6.15), gives

(OJCL, ¢1,CL7 ¢2’CL) = (0888, 51.10, —16130) (626)

Routing of the produced photons is achieved using a similar set-up — succes-
sive half- then quarter-wave plates set the polarisation before a PBS splits
the photons onto two detectors. We recall that the routing basis is defined
by the polarisations emitted from the cavity which will be routed uniquely to
one of the two detectors for a given orientation of the waveplates. Expressed

mathematically this gives
Qu(¢") - Hy(60") ML), = [H), . (6.27)

From this it is straightforward to find the most useful form of expressing the
routing basis, the rotation from it to the cavity basis in which the simulation

operates,

~ o ~ ~ ~ ~ T
Rrc = RicRr1, = Ric (QL(@b") : HL<9//)) : (6.28)

6.2 Testing the model in the lab

Now that the model is constructed we can compare this theory to experimen-
tally observed behaviour, both to gain insight into our system and, vitally,

to validate the model itself. To begin, we consider the polarisation state of
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Figure 6.2: Fractional routing of single photons as a function of the routing
quarter-wave plate angle. The lighter blue line with longer dashing is the fraction
of photons that would be sent to Det 0 for a pure circularly polarised photon, i.e.
the routing that would be observed in a non-birefringent system. The photons
used were 333 ns long and were modelled with Qo /27 = ¢g/27 = 3 MHz.

emitted photons. A simple test consists of using a quarter-wave plate after
the cavity to route the photons on a subsequent PBS. The ratio of counts
on the detectors for a given driving direction (i.e. a given polarisation of
photon emission) is used to find the fractional routing efficiency. Results of
this test are shown, and compared to the model, in figure 6.2. It is worth
noting that the theoretical predictions look the same, but with detector la-
bels swapped, if we consider reversing the driving direction to produce the

opposite polarisation of photon.

Overall the observed routing behaviour is better predicted by the model
with birefringence effects included, with the quality of the predicted fit on,
for example, detector 0 being summarised by the goodness-of-fit parameter

x? & 26.6. We can consider that if there was no birefringence the produced
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photons would have a pure circular polarisation and could be routed with
unitary efficiency — this case is shown in figure 6.2 as the light blue line with
longer dashing and corresponds to x? ~ 192.8. The theoretical maximum
routing efficiencies of sending the photon to detector 0 or 1 are 0.91 and
0.77 respectively and are achieved at ¢ = —70° and ¢ = 56°. We can then
see that for a given driving direction, which aims to produce one particular
polarisation, the maximal routing efficiency is not independent of the desired
routing direction, an asymmetry that does not exist in the non-birefringent

case.

The deviations of the measured data from the model could be partly as-
cribed to measurement error, either in the fraction routing itself or of the
precise orientation of the cavity basis as given in equation (6.26). However
an additional subtlety is that both the length of the photon and the driving

parameters affect the predicted routing behaviour.

Figure 6.3 compares the predicted wavepackets at each detector to the mea-
sured data for a series of routing angles. It can be seen, as will be discussed
in detail in section 6.3.2, that the polarisation of the photon changes along its
length. The wavepackets at each detector have unique shapes and notably,
peak at different times. Once again we can consider what we would expect
to see if there was no birefringence. The pure circular photon emitted would
have a constant polarisation, and so for any routing configuration the photon
counts at each detector would simply be some constant fraction of the overall
wavepacket. This case is shown on the plots as the dashed wavepackets. The

observed asymmetry in these count distributions then illustrates that not
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Figure 6.3: Measured data overlaid with theoretical predictions, modelled using
Qo/2m = g/2m = 3MHz, for the routing of single photons at various angles, ¢, of
the routing quarter-wave plate. The blue and red wavepackets correspond to de-
tections on different detectors, which is to say detections of different polarisations.
The dashed wavepackets are those that would be measured for pure circularly
polarised photons, i.e. the expected behaviour neglecting cavity birefringence.

only is the polarisation of the photon changed by the birefringence, but also

that it is changing within the length of a single photon emission.

We can consider the optimal routing basis to be that which best overlaps with
the average polarisation emitted from the cavity — an average that depends
on the time evolution of both the polarisation and amplitude of the photon’s
wavepacket. It follows then, that if the shape or length of the photon changes,

so must its routing behaviour.

In order to ensure the model is run with a representative set of parameters, we
start with the theoretical driving strength, €2y, and atom-cavity coupling, go,
and make reasonable adjustments to best match the calculated wavepacket
to that which is measured. This is justified as the precise coupling strengths
experienced will be determined by the position of the atom relative to the
cavity mode and driving beam waists, and we expect to see photons emitted

from atoms in a distribution of positions given the free-flight transit they
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Figure 6.4: The theoretical fractional routing efficiency to detector 0 of the
system, modelled using Qo/27m = g/2m = 3MHz. Emitted photons are considered
to pass through a quarter- then half-wave plate at angles ¢ and 6 respectively before
a PBS. Included are the predicted wavepackets at each detector — corresponding
to different polarisations — when the waveplates are set to maximally route the
photons to a single detector.

make through the cavity. Figures 6.2 to 6.4 were modelled using ¢g/27 =
3MHz and Qy/27 = 3 MHz.

Whilst the changing polarisation within a photon means that no static optical
elements can ever produce perfect routing, the addition of a half-wave plate
introduces another degree of freedom. Figure 6.4 shows the predicted effect
of applying a quarter- then half-wave plate, at angles ¢ and € respectively,
before the PBS. The maximal possible routing efficiencies are found at ¢ =
13°, 6 = 20.0° and ¢ = 103°, # = 65.0° where the photon goes to detectors 0
and 1 respectively with an efficiency of 0.93. The photon can be routed in
either direction with equal efficiency and it is clear the quarter-wave plate
maximally linearise the photon before the half-wave plate can be used to

direct it either way on the beam-splitter. The extra freedom in setting the
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routing basis afforded by the half-wave plate allows both for an improved
overall routing and for this to be achieved in either direction. In contrast a
system producing pure circularly polarised light could be routed with unitary

efficiency using only a quarter-wave plate.

6.3 Generalised implications of birefringence

The previous section described modelling and measurements of the practical
effects of cavity birefringence in our system. We now consider how the atom-
cavity coupling is affected in a broader context. To do so we will model
the limiting cases when the birefringent cavity modes are aligned to either
the atomic or lab modes. As has been previously argued, the atomic modes
can be considered as right and left circularly polarised light, hence these two
cases correspond respectively to the maximal and minimal overlap of the
cavity basis with the polarisation basis of the atomic transitions it couples.
In the following they will be referred to as the cavity having a circular or

linear basis:
e Circular cavity basis: {|X),[Y)} ={|R),|L)},
e Linear cavity basis: {|X),|Y)} = {|H),|V)}.

The general system considered has coupling parameters of {g,k,7}/27 =
{5,2.5,0}MHz and is driven by a 1ps long sin® pulse with a peak Rabi

frequency of Qy/2m = 10MHz. It is worth noting that the spontaneous
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decay of the atom has been turned off. Although any physical system will
be subject to this decay, both its rate and the distribution of repopulation
across the ground levels are dependent on the specific atomic transition being
addressed. The near unitary photon production efficiencies achievable in the
regime of no spontaneous emission allows the effects of birefringence to be
considered in isolation. The modelling in section 6.2 included spontaneous

decay in order to better predict the physical system.

Three driving cases are summarised in figure 6.5 each with different detun-
ings of the driving laser, A, and cavity, Ac. Firstly we consider driving
the system with no overall detuning, Ac = Ar, = 0, as the increasing bire-
fringence shifts the cavity modes symmetrically away from the excited level.
Next the cavity is detuned such that one of its modes, |X), remains in Raman
resonance with the driving laser and on resonance with the atomic transition,
Ac = Ap/2, A, = 0. Finally we once again consider the |X) mode to stay
on atomic resonance but detune the driving laser in unison with the cavity

as birefringence increases, Ac = A, = Ap/2.

6.3.1 Photon production efficiency

The first effect of birefringence to consider is how the overall efficiency is
impacted. This efficiency can be considered as the total atomic population
transferred from the initial, |u), to final, |g), state or as the total amount of
a photon produced. In our simplified system with no atomic decay and no

off-resonance driving terms these two are entirely equivalent definitions.
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Driving summary Efficiency Purity
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Circular cavity L photon number
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Figure 6.5: Efficiency and polarisation purity of emitted photons as a function
of cavity birefringence, modelled for three distinct driving schemes characterised
by the detunings of the driving laser and cavity. Each scheme is characterised for
the limiting cases of a linear and circular cavity basis by the total photon emission
and how this emission is distributed across the |R) and |L) modes.

The most immediate conclusion that can be seen in figure 6.5 is that relative
overlap of the atomic and cavity bases appears to have a very limited effect
on the overall efficiency of the process in the regimes modelled. Rather, the
relative detuning of the cavity modes from Raman resonance and the detun-

ing of the virtual Raman level from the atomic transition are the primary

determining factors. The latter of these is clearly seen in the case where
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Ac = A = Ap/2 and relates to the effective Rabi frequency, Qeg, of a

detuned Raman process scaling with detuning, A, as [135]

(6.29)

where Q, Q) are the Rabi frequencies of each arm of the transition.® This is
not inherently an effect of the birefringence, however once the effective Rabi
frequency is too slow for the entire population to be transferred within the
1 s driving time, the efficiency drops accordingly. In the case where A¢ =
Ar, = 0, both cavity modes are equally shifted away from Raman resonance

with the driving laser, which once again results in a reduced efficiency.

When one of the cavity modes is kept on resonance, Ac = Ap/2, Ap, = 0, the
process can be operated with a near unitary efficiency regardless of the cavity
birefringence. In the case that the cavity has a circular basis and is detuned
such that the atomic transition is decaying into the cavity mode of matching
polarity, the second cavity mode can essentially be neglected and the observed
independence from birefringence follows. When the cavity modes are linear,
the process efficiency appears unchanged. This is because either linear mode
can be considered an equal superposition of |L) and |R) circularly polarised
light and so the circular component with matching polarity can couple the
atomic transition. Whilst this will result in a reduced atom-cavity coupling
strength, for the driving parameters chosen and this reduced coupling does

not lower the effective Rabi frequency sufficiently to inhibit the process.

31t is worth noting that this is the scaling in the case where |A| > Q;, Q5 and Stark effects
are neglected. This is sufficient for our intuition however more detailed treatments can
be found in [135-137].
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Figure 6.6: The total photon produced, and how it is split between the |R)
and |L) modes as the ellipticity of the cavity modes is rotated for a cavity with
Ap /27w = 50 MHz. Below the main plot is a visual guide to how the cavity |X)
mode decomposes into the atomic modes at various points.

To better examine this effect we can consider a highly birefringent cavity,
Ap/2m = 50 MHz, with one mode kept on resonance as before, Ac = Ap/2,
A, = 0, and see how the efficiency changes as we vary the overlap of the
resonant cavity mode with the atomic transition. With the |X) mode of the
cavity chosen to be on resonance, recall from section 6.1.2 that it can be

written as a Jones vector in the lab basis as,

eld1.0L acr

X);, = Rew |X) g = . (6.30)

elv2.cL, /1 — QQCL

Setting acr, = \%, ¢1,cL, = 0 and rotating ¢, cr, from 0 to 27 is illustrated in
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figure 6.6, where the total photon number, and how it is distributed across
the two atomic modes is plotted as a function of the ellipticity of the cavity
basis. The rotation of the cavity basis, and how it decomposes into the
atomic modes, is illustrated for perspective and clarity below the plot. It
can be seen that the efficiency starts to drop as the resonant cavity mode
becomes less overlapped with the polarisation of the atomic transition, |R),
but that the polarisation emitted from the cavity is strongly dependent on
the orientation of the cavity basis at all angles. At the point of minimum
efficiency the cavity emission rate is not zero, however we can see that it is
all coming from the 50 MHz detuned |Y) mode, as this will be aligned with

the atomic [R) mode for ¢ cr, = 2.

6.3.2 Photon production purity

For a circular cavity basis, the photon is emitted purely into a single mode,
regardless of the driving parameters, as the coupling is entirely to a single
cavity mode which can support the produced polarisation of light. However,
if the cavity basis is different to the atomic basis, then the photon is emitted
into a mixture of two degenerate modes which run out of phase, rotating
the polarisation along the photon’s length. Recall figure 6.3 for how this

manifests in our physical system.

For a more extreme example consider figure 6.7. This shows the polarisa-
tion emitted from the cavity in the driving scheme with Ac = Ap, = 0 for

increasing birefringence between linear cavity modes. Initially there is in-
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creased cavity emission in the |L) mode, which is orthogonal to the atomic
transition into which the photon is produced, with a delay characterised by
the time taken for the emitted photons phase to run between the birefrin-

gent modes. Recall that this coupling between the cavity modes is defined by

Cavity Emission Rate (1/ps) Atomic Population
R mode — X mode — u
L mode — Y mode e
— g
Ap/2m = 0MHz
5 5. !
2.5 2.5 K
%0, 0.5 i Yo 0.5 i % 0.5 1.
t (ps) t (1s) t (1s)
Ap/2m = 5MHz
5. 5. !
2.5 2.5 /\
%0, 0.5 i Yo 0.5 i % 0.5 1.
b (us) £ (us) £ (us)

Ap/2m = 25 MHz
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Figure 6.7: A summary of the results of modelling the cavity emission and
population transfer in a linear cavity with increasing birefringence and Ac =
Ar, = 0. The cavity emission rates, as a function of time, are shown measured in
both the circular and linear bases. In the linear basis, {|X) = [H),|Y) = |V)},
the emission rate from each mode is identical at all times. The atomic population
starts entirely in the ground state |u) and is shown to transfer across to the final
ground state |g), with the excited, |e), state transiently populated.
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the birefringence, Ap. The atom-cavity coupling to each of the linear cavity
modes is equal at all times as |R) is an equal superposition of |H) and |V),

hence the cavity emission from each of these modes is always identical.

In the case of very high birefringence, Ap /27w = 25 MHz, the emitted photon
has a clear beat overlaid onto its wavepacket. This is the result of the re-
duced atom-cavity coupling no longer being sufficient to facilitate a smooth
transfer of atomic population between the ground states. Instead, the ex-
cited state is much more strongly coupled to the initial state by the driving
laser, than to the final state by the cavity, resulting in Rabi oscillations of the
population between |u) and |e). The weaker coupling from the cavity damp-
ens this process, producing a photon that has the oscillating excited state
population imprinted onto it. With the excited state now populated much
more during the driving process, spontaneous emission could be expected to
play an increased role. This, along with other omitted effects, is discussed in

section 6.3.3.

In the scenarios described above and illustrated in figure 6.7, with the photons
polarisation requiring an equal combination of degenerate cavity modes to be
supported, the relative detunings from Raman resonance of each mode are
also equal. It is not clear then whether the identical population emitted into
the |X) and |Y) modes is due to the former, polarisation, or later, detuning,

argument.

To settle this, once again consider the identical cavity, detuned such that one

of the modes is on Raman resonance — this is the case where A¢ = Ap/2 and
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Figure 6.8: A summary of the cavity emission and population transfer in a linear
cavity with Ap/27w = 25 MHz birefringence and A¢c = Ap/2, Ar, = 0MHz. The
cavity emission rates as a function of time are shown measuring in both the circular
and linear bases. The atomic population starts entirely in the ground state |u)
and is shown to transfer across to the final ground state |g), with the excited, |e),
state transiently populated.

Ar, = 0 MHz from figure 6.5. It can be seen that for increasing birefringence
the photon is initially mostly preserved in the |R) mode, however the system
tends towards an equal population emitted in each circular mode. The cav-
ity emission for Ap/2m = 25 MHz is shown in figure 6.8. It is immediately
apparent that this equal population is arising from the cavity emitting al-
most entirely from the linear |X) mode. This mode decomposes into an equal
superposition of the circular bases, as has been previously discussed with re-
gard to the reduced atom-cavity coupling experienced by circular transitions.
As only one of the linear components of the emitted photon is resonant with
the equivalent cavity mode, only that component can build up and be emit-
ted from the cavity. In this way the cavity acts as a filter for polarised light,

resulting in the observed imbalance in transmission of the linear modes.



6.3. Generalised implications of birefringence 179

In general when approaching these birefringent systems, we can consider
the atom emitting into a superposition of the cavity modes determined by
the decomposition of the atomic basis into the cavity basis and the relative
detunings of these modes from resonance. Equally, one could consider each
cavity mode decomposed into the atomic basis, with each independently
coupling the atomic transition accordingly. Both are valid pictures, different

only by the choice of basis.

6.3.3 Limitations of the model

We have seen that this simple model for birefringent cavities qualitatively
predicts the behaviour of our physical system. However it is important to ac-
knowledge some neglected effects that could lead to more nuanced behaviour,

and to understand the regimes in which this is likely to be significant.

One such effect has already been discussed, namely the spontaneous decay
of atomic excitation into the ground states. The exact form this takes is
dependent on the atomic transition being addressed. Increasing the adi-
abaticity the V-STIRAP processes reduces the transient excitation of the
atom, and generally this is achieved through longer driving times, at lower
driving powers and larger detunings. All of these reduce the effective Rabi
frequency of the system and so the trade-off is between the adiabaticity and
efficiency of the process, with the overall coherence time, as always, pro-
viding a fundamental limit to how long the population transfer can take.

Additionally we have seen that if the birefringence of the system sufficiently



6.3. Generalised implications of birefringence 180

reduces the atom-cavity coupling, then, given that other driving parameters
remain constant, the transient excitation of the atom increases. This would
correspondingly increase the amount of spontaneous emission expected. An
extreme example can be seen in figure 6.7 where the high birefringence leads

to Rabi oscillations between the initial and excited state.

So long as the excited state population stays sufficiently low spontaneous
decay can be neglected. Whilst including it necessitates additional loss chan-
nels and possibly levels be considered, it does not prevent our model from
working. As has already been said, the simulations in section 6.2 included

spontaneous emission.

The second simplification that was implicitly made and has not yet been
addressed is neglecting the off-resonant couplings from the Hamiltonian. We
have already seen that our V-STIRAP process uses circularly polarised tran-
sitions in the atom and that the two arms of the A-system are orthogonal.
The cavity can clearly couple either handedness of circular transition, and
so to consider only its coupling of the excited state, |e), to the final ground
state |g) is to neglect the coupling it can provide to the initial ground state,
|u). This additional coupling, along with an equivalent term from the any
orthogonal component of the driving laser, is illustrated in figure 6.9. The
Raman resonant couplings for driving the process from |u) to |g) are shown
in red, with the off-resonant couplings in dashed blue. The energy differ-
ence of the ground states, Aq, is now important as it determines how far

off-resonance these additional couplings are.
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Figure 6.9: Basic V-STIRAP system with the driving laser and cavity detuned
by Ar, = A, with the ground states split by Ag. The couplings of the driving
laser, 2(t), from the initial state, |u), to the virtual Raman level and of the cavity,
g, from the virtual Raman level to the final ground state |g) are shown in red. The
off-resonant couplings associated with the orthogonal polarisation components of
the cavity and driving laser are shown in dashed blue.

An earlier version of this system [36, 38, 58] used the hyperfine |[F'=) 1 and
| F=2) ground levels of the 8Rb D, line which are several GHz apart [36, 58].
However the current system utilities magnetic sub-levels of the same |F=1)
level and the Zeeman splitting of these is typically chosen to be of the order
of 2w x 14 MHz. These off-resonance effects becomes more complicated when
the birefringence of the cavity allows a photon produced in one polarisation
to dephase into the other. In this way, a photon produced on the |e) to |g)
transition can be rotated in the cavity and couple the |u) to |e) transition. To
neglect this effect becomes increasingly less valid as the birefringence of the
cavity increases far beyond the rate at which the photon is emitted from the
cavity, i.e. when Ap > k, presuming that the couplings of the off-resonant

terms are high enough to be impactful.
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6.4 Conclusions

In this chapter we have presented a model for the coupling of an atom to
a cavity of arbitrary birefringence. This model was tested and validated in
section 6.2, where we found that the birefringence the cavity resulted in sig-
nificant changes in the expected behaviour of our single-photon source. How-
ever the question remains of whether this modified behaviour fundamentally

inhibits the working of, or necessitates change to, our scheme.

The ideal single-photon source operates with high efficiency, producing a
stream of indistinguishable photons in a known polarisation state that can
be used to route them as desired. As was discussed in section 6.2 the evolving
polarisation of photons emitted from a birefringent cavity prevents them from
being routed with unitary efficiency. However it was shown that a typical
photon produced from our cavity could be routed with 93 % accuracy. Whilst
not perfect, this clearly demonstrates that the birefringence does not prevent

us from achieving significantly better-than-random routing.

The effect of birefringence on the overall efficiency with which photons can be
produced was discussed in section 6.3.1. A combination of high birefringence
and misalignment of the cavity modes with respect to the atomic transitions
is shown to reduce the atom-cavity coupling and, ultimately, the efficiency of
the process. However, birefringence in our system is lower than that which
was required to significantly impact the overall efficiency. When combined
with the self-evident fact that we do produce single photons from the source,

this allows us to conclude the scheme is not fundamentally inhibited.



Chapter

Nonlinear Zeeman Effects

Thus far the external magnetic field has only been considered to lift the de-
generacy of magnetic sublevels as required by our single-photon production
scheme. We now move beyond this simplification to consider the full pic-
ture including the nonlinear effects of sufficiently strong magnetic fields and

whether they are significant to our scheme.

Section 7.1 takes a closer look at the interaction of an atom with such a
field, and, in particular, how the energy levels and transition strengths are
affected. The impact of the non-trivial behaviour observed on the V-STIRAP

process is then investigated in section 7.2.

Using this understanding section 7.3 discusses how our current source could
be improved, in particular by considering operation on the Dy line and using

physically realistic proposals for new cavity designs.
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7.1 Nonlinear effects in intermediate strength

fields

7.1.1 Atoms in external magnetic fields
‘Weak’ and ‘Strong’ field regimes

Recall from section 2.2.2 how a magnetic field is required to lift the degen-
eracy of the |F=1) ground level of the 8"Rb Dy line such that individual
magnetic sublevels can be addressed. Of course it is obvious that we cannot
target one specific energy level in the atom but that all levels will be similarly

subject to the effects of the magnetic field.

As an example of this consider figure 7.1, a Breit-Rabi diagram showing the
energies of magnetic sublevels as a function of external field strength for
the excited 5*P3/, level of the Dy line. In the so called ‘weak’ field regime,
where the interaction of the atom’s total orbital angular momentum, J, with
the nuclear angular momentum, I, dominates the interaction of each with
the external field, these vectors couple to give the total angular momentum,
F =1+ J. Different energy levels then correspond to different alignments of
F with the field and the change in energy is linearly dependent on the field
strength, given by [57]

AE; = mpgrug|B|, (7.1)

where gr is the Landé g-factor. The strength of the interaction between I and
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Figure 7.1: The energy eigenstates of the excited 52P3/2 level for the 8"Rb Dy
line. The levels start spaced in energy by the hyperfine interaction, with the lowest
energy state, | F'=0), arbitrarily set to zero and all magnetic sublevels degenerate.
As the field strength increases the Zeeman effect lifts these degeneracies, initially
shifting levels by the projection of their total angular momentum onto the field,
mp. For higher fields F' ceases to be a good quantum number as I and J decouple,
ultimately causing states to be grouped by m; and ordered within those groups by
my. The states that have |F, mp=0) in low fields are shown with solid lines, whilst
all other magnetic states are dashed. The inset is a closer view of the perturbations
to the |FF’={0,1}) levels in the regime of field strengths that would typically be
required for our driving scheme.

J can be characterised by the unperturbed spacing of the hyperfine levels.

As a first approximation, the interval rule states that the spacing between

levels |F) and |F — 1) is [8§]

AEpp_1 = AnsF, (7.2)

where Ayg is the hyperfine structure constant. We can thus define a ‘weak’
field to be one such that pg|B| < Apg. For the excited level Ay s2p, P /h =
27 x84.72 MHz (correction factors such as the electric quadrupole constant,

Bus, give the measured splitting of the AE) o/h = 27 x72.22 MHz), whilst the
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splitting of the ground state is much larger at Ahfs752sl/2/h = 21 x3.42 GHz
[57].

Thus far we have not considered effects beyond this simple ‘weak’ field regime,
however it is clear from figure 7.1 that as fields increase this approximation
becomes increasingly flawed for the 5*P3; excited states. In the extreme case
of high fields the energy change is again linear with respect to the magnetic
field, the angular momentum vectors having decoupled from one another
and the interaction of J with the external field dominating. In this ‘strong’
field regime,! with pg|B| > Ay, the projection of the decoupled angular
momenta onto the field determines the energy perturbation. Typical field
strengths in our system are approximately 20 G — the ground |F=1, mp=+1)
levels split at 0.7 MHz/G [57] — which we can see from the inset of figure 7.1
is sufficient for the magnetic sublevels of the excited state to significantly

depart from the expected linear behaviour of the ‘weak’ field regime.

State mixing in intermediate strength fields

Between the relatively simple cases of ‘weak’ and ‘strong’ fields, neither the
coupling between of the atomic angular momenta, nor their interaction with
the external field dominates. In general the energies of the systems eigen-

states must be found by numerically diagonalising the Hamiltonian 7:[hfs+7:[B.

! Alternatively referred to as the hyperfine Paschen-Back regime.
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The hyperfine Hamiltonian is [57]

31-J)2+31-J—I(I+1)J(J +1)

fnts = AnsI - J + Bugs
Futs = Augsl - J + B 2121 — 1)J(2J — 1)

(7.3)

and the interaction of an atom with a magnetic field is described by the

magnetic Hamiltonian [57]
~ ILLB
Hp = f(gSS + gL +gl) B, (7.4)

where S and L are the spin and orbital angular momenta that sum to J. The

eigenstates of the diagonalised system can be expressed as [138]
[(F,mp)) = cppe(|B) [F* mp") (7.5)
F*

where cpp«(|B|) are mixing coefficients and the energies of these states are
exactly those shown in figure 7.1. The sum and mixing coefficients are func-
tions of only F' as selection rules dictate that only states of the same mp are
coupled by the magnetic field. For the work in this chapter setting up and
diagonalising the Hamiltonian was done using the AtomicDensityMatrix
package in Mathematica? and this numerical calculation is valid at all field

strengths.

As an example consider the reduced system where we take only the stretched
ground sublevels, | F'=1, mp==1), and the excited sublevels with |F’, m/>=0).

Considering only one ground hyperfine level is justified by recalling that the

2Developed by Simon Rochester and available for downloaded from http://
rochesterscientific.com/ADM/ (last accessed 11/01/17).
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hyperfine splitting of 5%S; ) level is far larger than the applied Zeeman shifts,
thus the mixing of the ground levels is negligible. Additionally the previously
discussed selection rules allow us to only consider excited sublevels with
mp = 0 (including additional levels would simply make the Hamiltonian

too large for our illustrative purpose).

For a single atom coupled to a cavity, with a magnetic field aligned along the

cavity axis, the Hamiltonian of this reduced system is

Actd 0 | Ewm JEw \Jiw
0 Ac—15 — 7500 \/2i00 —\/g% 0

H=nh il vem | 0 P ! " (7.6)
0 0 0 0 2w

where 0, wy, we, ws are the eigenfrequencies of the |F'={0,1,2,3}) levels due
to hyperfine splitting, [ is the field strength as defined in equation (7.7) and
Ac is the detuning of the cavity from resonance with the |F'=0) level, which
has again been chosen as the zero energy state. The matrix is split into four
sections corresponding to the ground sublevels (top left), the excited sublevels
(bottom right) and the coupling between these provided by the cavity. The
cigenstates of the lower right sub-matrix are the set of { [{/(F’, m/,=0))}, the
energies of which are plotted as the solid lines in figure 7.1. It is important to
note that we have expressed the field strength as a frequency which is easiest

considered in terms of the ground state Zeeman splitting it provides. Noting
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that the Landé g-factor for |[F'=1) is gr = —1/2 [57] then from equation (7.1)
we have

1s|B| = hj = 2[Aq]. (7.7)

If we were to re-write equation (7.6) in the basis of field-dependent eigen-
states, { |(F',m/y))}, the off-diagonal terms of the bottom right sub-matrix
would disappear and instead the magnetic dependence would appear in the
couplings between the ground and excited levels (i.e. those in the upper right
and lower left sub-matrices). Our consideration of this change in coupling
strengths begins by noting that the atom-cavity coupling rate has been mod-

ified from the previous definition, in equation (2.25), of gy { M|, Where

I, is the dipole moment of the atomic transition. This dipole moment is
dependent on the particular transition being addressed and so, with multiple

transitions now being considered, we define

‘ll’ge} - |A9€d|7 (78)

— 9o,ge = Age% (79)

where d is the transition dipole matrix element which, for the D line, is d =
(J=1/2]|ler||J'=3/2) = 3.58 x 107* Cm, and A, is a pre-factor accounting
for the coupling strength of the transition being considered. The values
of Ag. in the absence of a magnetic field can be found in many standard
reference books [57] or simply read off from the off-diagonal coupling terms

in equation (7.6).



7.1. Nonlinear effects in intermediate strength fields 190

In equation (7.8) we have made the assumption that the dipole moment for
any transition in the D, line can be expressed as fraction of d. This is a
result of the Wigner-Eckart theorem [139, 140] which, for our purposes, can

be summarised in broad terms as follows.

Wigner-Eckart theorem: When working in the basis of angular mo-
mentum eigenstates, {|jm)}, the matrix elements of a spherical

tensor operator can be decomposed into the product of

e afactor independent of angular momentum orientation, termed
i)

e a Clebsch-Gordan coefficient: (j'm'kq|jm).

T

the reduced matrix element:3 < j ’

In total this gives

Gm|TP)im) = (§'m'kaljm) Gl|TV|[57), (7.10)
(k)

where 75" is the g-th component of a tensor of rank k.

Practically this allows us to factor out the angular dependence of the dipole
matrix element of a transition. As an example consider the dipole matrix

element that couples two magnetic sublevels
(F,mplerq F',mip) = (Fler||F") (F,mp|F',mp, 1,q), (7.11)

where ¢ = 0, 1 corresponds to a 7, o0& transition. We can similarly factor out

3This double-barred matrix element is a notation specific to the Wigner-Eckart theorem.
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the angular dependence of (F||er||F’) = (J, I, F||er||J', I, F’") to write
(F,mplerg F',mp) = Ajpmpy,#myy (Jler|| '), (7.12)
with [138, 141]

_ 14+I+J' +F' +F—m/
AlFmpy |y =(—1) r

x \/(2F + 1)(2F" + 1)(2J + 1)
(7.13)

J J 1 F'1 F

F'-F I)]|my q —mp
where the terms in braces are the Wigner 3-j and 6-j symbols.

Similarly to our treatment of the field-dependent eigenstates, these coupling
coefficients in a magnetic field can be expressed in terms of their zero-field

counterparts as [138, 141]

A Eme B )y = > crp (BN Ay angycrr (1Bl (7.14)

F*,F/*

Due to the large spacing of the hyperfine structure of the ground 5°S; /2 level
of the 8"Rb D, line we can neglect the mixing of these levels for the field

strengths we will consider, and so have couplings of the form

A B 5 ) = Z cr s (1B A mp) | 7 mip) - (7.15)

F/*

Finally then we can consider how the coupling strengths (o< [A4 5| *) be-
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Figure 7.2: Polarisation transition strengths for transitions |[F=1,mp) <
| (F'={0,1},m»=0)) expressed as multiples of the Dy transition dipole matrix
element squared, |(J=1/2||er||J’=3/2)|*. The field strength is shown by the Zee-
man splitting, |Az|, it produces in the ground state. The zero-field symmetry of
these transitions is significantly broken for even the weakest fields we might use.
tween the eigenstates of an atom in a magnetic field are affected by changing
field strengths. Figure 7.2 shows this for transitions between the three mag-
netic sublevels of the ground | F=1) state and the excited |¢(F'={0, 1}, m}=0))
levels. The field strength is plotted with respect to the Zeeman shift it pro-
vides in the ground state. What is immediately apparent is that for any field

strength we might reasonably operate at, the transition strengths change

dramatically from the symmetric couplings of the bare atom.

As the field increases, initially the transitions that form the two arms of the
A-system, |F=1,mp=%1) ¢ |(F’',m}=0)), are oppositely effected with
one being strengthened as the other gets weaker. Moreover the ‘strong’
transitions to the |[¢(F'=0,m}=0)) and |¢(F'=1,m}=0)) levels have op-
posite polarity. However the effects of the field are not only limited to these
lines. Indeed as the field increases, the previously forbidden |F=1, mp=0) <

|zZ(F’ =1,m/>=0)) transition becomes strongly allowed.

Although thus far we have only presented subsets of the excited levels, un-



7.1. Nonlinear effects in intermediate strength fields 193

derlying this and in the work that follows the full Hamiltonian including
every magnetic sublevel of the ground |F'=1) level and of all the excited
levels is always considered when calculating the eigenenergies and transition
strengths within the system. These results are then used when simulat-
ing single-photon production, however the laser and cavity fields are only
considered to couple the ground state to the sublevels of |¢)(F'=0)) and
l)(F'=1)) on the D, line (or |[¢(F'=1)) and |t)(F'=2)), when considering
the D; line). Given we only consider driving the system with the Raman
resonance around this pair of lowest energy excited levels, and noting the
increasing hyperfine splitting of higher energy excited levels, the cavity and
laser are so far detuned from the other excited states that we can neglect any
couplings to them. This approach is chosen to restrict the dimensionality
of the simulated Hamiltonian to a computationally manageable scale, whilst
ensuring the correct level structure and coupling strengths accounting for the

full system are used.

7.1.2 Measuring asymmetric coupling strengths

Before the wider implications of the asymmetrically shifted coupling strengths
in our system are considered, it is reasonable to attempt to confirm this
prediction. The V-STIRAP process uses two separate transitions which fig-
ure 7.2 show to be oppositely strengthened or weakened by the external field.
It is then non-trivial to extract the coupling strengths of either one of these

transitions by observing the behaviour of this A-system.
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Ay /27 (MHz)

Figure 7.3: The cavity emission rate in the o™ and ¢~ modes, as a function
of laser detuning, Ap, for a cavity tuned to Ac/2m = 52.22 MHz from the un-
shifted |F'=0) level. The processes corresponding to the four observed peaks are
illustrated. Peaks (i) and (iv) are the same Raman resonances utilised for single
photon production and show that the applied magnetic field produces a Zeeman
splitting of |Az|/2m = 13MHz. Peaks (ii) and (iii) occur when the driving laser
is tuned to the cavity resonance, allowing a cycling process that starts and ends
in the same magnetic substate to produce multiple photons. The offset of these
cycling resonances for each polarisation is due to the cavity birefringence.

Instead, to isolate one particular coupling we return to the experiment first
described in section 4.1.1, where the cavity is set close to atomic resonance
and the driving laser is scanned across the cavity with the emission ob-
served. Recall that for an appropriately polarised driving laser — one that
is linearly polarised and aligned with the cavity axis, decomposing into an
equal superposition ot and o~ in the cavity basis — three emission peaks
are expected. These correspond to the laser being either on resonance with

the cavity (Ap, = Ac¢) or detuned such that it sets up a Raman resonance

between the stretched states of the ground level (A;, = Ag £ 2A7).

Figure 7.3 (which is reproduced from figure 4.1) shows these peaks with the
cavity set to Ac/2m = 52.22 MHz with respect to the (unshifted) |F'=0)
level, along with an energy level schematic of the processes to which each

corresponds. The cavity emission is split by polarisation with peaks (i) and
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(iii) corresponding to o~ photons and peaks (ii) and (iv) corresponding to
oT. The separation between the cycling and Raman resonant peaks for each
polarisation confirms the applied Zeeman splitting of |Az|/2m = 13MHz.
The offset between the cycling peaks, (i) and (iii), is a result of the cavity
birefringence discussed in chapter 6. Atoms entering the cavity are assumed
to be equally distributed across the magnetic substates of the ground level
and so the relative strengths of these cycling peaks allows us to infer the
relative efficiencies of each process. It follows that if one of the transitions
is strengthened with respect to the other, we expect this to manifest as an

imbalance in the number of photons emitted with each polarisation.

To fully characterise this imbalance the experiment was repeated for various
cavity offsets from below the [)(F'=0)) level to above |¢(F'=1)). Figure 7.4
shows the relative strengths of the cycling peaks for each polarisation. Also
shown is the complete data from scanning the laser across the resonances for
select detunings that are nearest to the two shifted energy levels and their

midpoint.

When the cavity frequency is tuned close to the |i)(F'=0)) transition the
o~ emission is prevalent. This corresponds to the cycling process between
[F=1,mp=1) < [¢(F'=0,m},=0)) which, recalling figure 7.2, agrees with
the predicted nonlinear modification in transition strengths. With the cavity
detuned close to the |/ (F'=1)) transition, the dominant emission is now o,
corresponding to the [F=1, mp=—1) <+ |[¢)(F'=0, m/,=0)) process, and again
this is in agreement with the predicted behaviour. Finally we can see that for

cavity detunings between the excited levels, the counter-balancing coupling
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Figure 7.4: The relative emission rates of o+ and o~ photons of a reso-
nantly driven atom-cavity system. The Zeeman splitting of the ground state is
|Az|/2m = 13 MHz and the cavity is tuned from Ac /27 = —20 MHz to 102.22 MHz.
Solid lines illustrate the energies of the |F'={0,1}, mz=0) levels (in the absence
of an external magnetic field), with dashed lines corresponding to the predicted
energies of |¢(F'={0,1},m»=0)). The lower plot shows the full data sets corre-
sponding to three of the data points. It can be seen that close to each level the
asymmetric shifting of orthogonal transitions results in a preferential emission of
the corresponding polarisation of photon.

strengths to each level results in more equally polarised emission.

We can contrast this behaviour to what we would expect if oppositely po-
larised transitions remained equally coupled. In this case a cavity tuned to
resonance with the excited level would result in equally detuned cycling pro-
cesses and so no preferential emission of o™ or ¢~ photons. As such the clear

departure from this expectation is compelling evidence that state mixing
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in the intermediate field regime does indeed result in asymmetric coupling

strengths between magnetic sublevels.

7.2 Effect of nonlinear shifts on V-STIRAP

7.2.1 Photon production efficiency

To investigate how these nonlinear Zeeman shifts in energy levels and cou-
pling strengths affect single-photon generation, the natural starting point
is to consider the efficiencies with which photons of both polarisations are

produced.

At the most basic level, we are interested in the efficiency with which each
polarisation is emitted from a well coupled atom prepared in the desired ini-
tial magnetic sublevel of the ground state. To determine whether the system
is in such a state, we consider detection events conditioned on the emission
of a photon in the previous driving interval. When a o® photon is emitted,
the atom is considered to have been well prepared in the |F=1,mp=7F1)
state and, as such, the next driving interval, when production of the oppo-
site polarisation of photon is attempted, is a good test of emission efficiency.
Considering these correlated emissions we can define p(o=|oF) as the prob-
ability with which a o* photon is detected following the detection of a o
photon in the previous driving interval and, it follows, as the efficiency of the

o* driving process.
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Figure 7.5: The lower plot shows the predicted efficiencies of polarised pho-
ton production for each driving process. From these we can infer the expected
imbalance in the detection probability of each polarisation, conditioned on the
detection of a photon of the opposite polarisation in the previous driving interval,
as described in the text. This is shown in the upper plot, along with the mea-
sured values. The dashed trace in the upper plot shows the expected behaviour if
the nonlinear Zeeman (NLZ) effects are neglected. The system modelled to pro-
duce these plots has parameters {g=0.79o, k,v}/2m = {7.32,1.875,3}MHz, was
driven by 500ns sin? pulse of peak intensity Qo/27 = 14 MHz and had a Zeeman
splitting of |Az|/2m = 14 MHz. Equal emission of each polarisation is found at
Ac/2m =—13MHz, 19.5 MHz and 81 MHz.

Figure 7.5 shows the predicted efficiency, n, with which each polarisation
of photon is produced as a function of the cavity detuning, Ag. From this
the expected distribution of conditioned detections between the two pos-
sible orders of polarisation emission, p(c™|o™)/{p(c™|oc™) + p(c~|oT)}, is
plotted and compared to those measured in the experiment. For reference
the expected behaviour if the mixing of magnetic sublevels — and so the
corresponding nonlinear Zeeman effects — is neglected is shown in dashed

grey. The photons used were produced by a 500 ns sin® pulse of peak inten-
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sity? Qp/27 = 14 MHz with a magnetic field splitting the ground state by
|Az|/2m = 14 MHz. For the theoretical predictions, the system parameters
were {g=0.77o, k,v}/2m = {7.32,1.875,3}MHz. It is worth noting that the
atom-cavity coupling was set to 70 % of the theoretical maximum value to
account, for the already discussed variations in the coupling experienced by
atoms in free flight through the cavity. Correcting for this behaviour by con-
sidering a reduced coupling follows the example of previous works within the

field [36, 40, 58, 59].

We see that when the cavity is near resonance with the excited levels one
of the processes is enhanced and that, as has already been demonstrated,
each level strengthens opposite polarisations. When nonlinear Zeeman ef-
fects are neglected the expectation is also for asymmetric efficiencies around
each level. This can be understood as arising from the combination of
transition probabilities via both levels, however the expected ‘strong’ pro-
cess at each (unshifted) level is opposite to the observed behaviour. This
stark change in behaviour is of particular significance as it resolves a pre-
viously unexplained discrepancy between the predicted and observed be-
haviour of such a system. In the experiment of Wilk et al. [59, 101] (op-
erated at Ag/2m = 72 MHz) they measured p(c*|o~)/p(o~|ot) ~ 3.2 (i.e.
p(octlo™)/{p(ct|o™) + p(c~ o)} = 0.76) whilst quoting an expected value
of p(*|o™) /p(o~|o*) ~ 0.7 (ie. pla*]o)/ {p(o*|o™) + plo—lo*)} ~ 0.41)
from their simulations. These correspond very well with the predicted be-

haviour of our model including and neglecting the shifted levels and coupling

4We define Qo ge = AQESTO as the Rabi frequency of the laser on transition g <+ e analo-
gously to the definition of g, in equation (7.9).
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strengths from the mixing of magnetic sublevels, respectively.

Comparing driving on the |[¢(F'=0)) and [¢)(F'=1)) lines, the latter is more
efficient and less asymmetric for a given driving power. This is due to shifted
values of ‘Ag¢(e)|2 being more symmetrical and stronger overall for these
transitions, as can be seen from figure 7.2. This also agrees with the ex-
perimentally observed behaviour that the |¢)(F'=1)) level produces photons
more efficiently at low driving powers. As an example consider the ‘side-
lobes’ in figure 7.4 which correspond to the production of a single photon via
the desired V-STIRAP process with no subsequent driving to produce a sec-
ond photon of the opposite polarisation. With the cavity around resonance
with the [¢)(F'=0)) transition these side-lobes are considerably suppressed
in comparison to when the cavity is near the |[¢)(F'=1)) transition. Moreover
the side-lobes in this latter case differ in height with more photons emitted
into the polarisation corresponding to the enhanced o~ -photon production
process. We can also see that this asymmetry starts to balance out when
the cavity resonance is between the excited levels, once again in agreement
with the predicted behaviour of near equal emission probabilities for each

polarisation in this regime.

Equal emission of each polarisation is predicted at Ag/2m =—13 MHz, 19.5 MHz
and 81 MHz, with the later having the highest overall efficiency and so ap-
pearing to be the desirable point at which to drive this system. Ultimately
Ac/2m = 81 MHz is in the experimentally found regime, chosen to bal-
ance photon coherence with production efficiency, where we predominantly

operate our system. However, as we will see in the following sections, a
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more in depth analysis shows that the efficiency of single-photon emission is
not the only consideration when discussing the optimum performance of the

source.

7.2.2 Spontaneous emission

The efficiency with which photons are produced is only one metric of how well
the system is working — of equal importance is the suppression of spontaneous
emission. Experimentally spontaneous emission is difficult to measure with
the photon emitted into free space and so ultimately undetected, however
this unmeasured process can significantly impact the coherence properties of
photons emitted from the cavity. Consider, for example, how a spontaneous
event during photon generation resets the system to the ground state. This
could still allow a photon to be produced from the remaining fraction of the
overall driving pulse, however this photon will clearly be distinguishable from

those produced as intended with its shortened wavepacket.

Whilst the V-STIRAP process theoretically transfers population through a
‘dark’ eigenstate of the system in which there is no excitation, any physically
realistic process with finite driving lengths will involve some transient popu-
lation of the excited state. Recall from section 2.1.4 how the Purcell factor,
Fp = 2C, gives the ratio of photon emission into the cavity versus sponta-
neous decay from the excited state. For a particular production scheme, we
can thus define the effective Purcell factor as the ratio of photon number

produced into the cavity versus spontaneous emission. This can be used as
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Figure 7.6: Plots of the spontaneous emission, in terms of photon number, and ef-
fective Purcell factor for the driving processes corresponding to both polarisations
of single-photon production, as a function of the cavity detuning. For compari-
son the equivalent plots are shown for the case where nonlinear Zeeman effects are
neglected. It can be seen that these asymmetries manifest in the spontaneous emis-
sion and, ultimately, are detrimental to the overall Purcell factor when considering
the production of pairs of oppositely polarised photons.

a metric for the suppression of spontaneous processes, and the decoherence

to which they lead.

Figure 7.6 shows the spontaneous emission and effective Purcell factor for
the production of both polarisations of photons as a function of the cavity
detuning. The driving parameters are the same as those already examined
in section 7.2.1 and the detuning of the laser frequency, wr,, from the cavity

frequency, wg, for each process is stated in terms of the Zeeman splitting
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of the ground state. It is worth noting that for the |F'=1) ground level the
negative Landé g-factor means that the sign of the Zeeman shift is negative,
i.e. Az < 0. Once again, the expected behaviour if the shifts in energy levels

and coupling strengths are neglected is shown for comparison.

The spontaneous emission peaks when the driving laser is on resonance with
an excited level. However the asymmetric coupling strengths result in signif-
icantly increased spontaneous emission when the laser is on a strengthened
transition. This effect is compounded by the weakened coupling on the or-
thogonal transition coupled by the cavity, which serves to reduce the rate
at which excitation is returned to the ground state. Given this behaviour
and recalling section 7.2.1 it follows that around each excited level the pro-
cess with the cavity coupling a strengthened transition has a higher effective
Purcell factor. Moreover the asymmetry of the Purcell factors is increased
in comparison to the case when nonlinear shifts are neglected. The overall
effect is that the average Purcell factor of both driving processes at a given
detuning has lower maximum values with nonlinear shifts included. This
essentially tells us that the asymmetric coupling strengths inhibit our ability

to produce indistinguishable pairs of oppositely polarised photons.

This should not be a surprise as, recalling from equation (2.35), the cooper-
ativity is dependent on the atom-cavity coupling as C' o< g2. When driving
around either excited level the pair production will always be limited by the

process with a weakened cavity coupling.

However, it is interesting that the effective Purcell factors for both driv-
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ing processes are equal and enhanced when driving between the two excited
levels. This can be understood as the constructive interference of the transi-
tion probabilities from each excited level being increased by the strong cav-
ity couplings. Essentially one can consider predominately using each level
to produce predominantly the polarisation of photon that corresponds to a

strengthened cavity transition.

This is an interesting effect and suggests a possible path to utilising the (thus
far unhelpfully) modified coupling strengths to our advantage. However, we
will see in section 7.2.3 that driving between the two levels is fatally flawed

in our current system.

7.2.3 State preparation

Our analysis has thus far presumed that the state preparation heralded by
the detection of a single photon of known polarisation is perfect. That is
to say that after emitting a photon the atom is perfectly prepared in the
corresponding magnetic sublevel of the ground state and, crucially, remains
in this state until the application of an opposite driving scheme. Recalling
section 7.2.1, this conjecture is what allowed us to examine the efficiencies of
both driving directions by considering only driving pulses conditioned on a
detection in the previous interval. To examine the validity of this assumption,
beyond the simple inference that the predictions it allows us to make are
well matched by the observed behaviour, we can consider the off-resonant

driving of our scheme. Specially we consider what happens when the atom
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Figure 7.7: The depopulation the initial state and spontaneously emitted photon
number when the system is driven using the non-Raman resonant laser light that
corresponds to the single-photon production scheme from the opposite stretched
state. For perfect state preparation to be heralded by the detection of a sin-
gle photon, this off-resonant driving is required to leave the system unaffected.
This behaviour is approached when the cavity is around resonance with either
excited level, however the initial state is efficiently depopulated, and correspond-
ingly spontaneous emission peaks, when an off-resonant driving laser is near atomic
resonarnce.

is prepared in the wrong stretched state of the ground level for the driving

direction applied.

Figure 7.7 shows the initial state population and spontaneous emission corre-
sponding to this off-resonant driving, with the cavity once again tuned over a
range encapsulating the two excited levels considered. Ideally the atom would
remain unaffected, however for a cavity detuned away from the excited levels
the off-resonant terms become very efficient at exciting the atomic popula-
tion out of the initial state. Crucially this is the case for detunings between
the two excited levels. This is the previously hinted at flaw in driving the
system in this regime. Whilst the desired driving scheme works with equal

efficiencies and relatively high effective Purcell factors, the final state of these



7.2. Effect of nonlinear shifts on V-STIRAP 206

processes will be quickly depleted by the same driving laser that produced
the photon. By preventing the preparation of the atom in the required state
for the opposite driving process, the system cannot efficiently produce pairs

of oppositely polarised photons from a single atom.

One can see that with the cavity detuned to exactly between the two levels
the initial state population is depleted by less than 25 % — however referring
back to figure 7.5 we can see that single-photon production in this regime
is even weaker. Increasing the driving power to produce photons more effi-
ciently would also strengthen the off-resonant driving, increasing the rate of

depopulation of these final states, and ultimately the system would still be

fawed.

As a final hope, we can consider that if the spacing of two excited levels
was larger, then driving between them might still be able to take advantage
of the strengthened cavity couplings whilst keeping the off-resonant terms
sufficiently far detuned to maintain good state preparation. Moreover we
have already seen that these levels become further separated in increasing
magnetic fields. However simple simulations show that this increased sepa-
ration of the excited levels is counteracted by the increased Zeeman splitting
of the ground level, which necessitate increased detuning of the driving laser
from resonance with the cavity and, accordingly, increased detuning of the
off-resonant terms. Ultimately we are prevented from utilising this regime

by the insufficient spacing of the excited levels on the Dy line.
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7.3 Photon generation on the D; line

7.3.1 State mixing

An alternative approach would be to consider producing single photons using
the Dy line, corresponding to 525 /2 <+ 5*P; 2. The hyperfine structure of the
excited states on this line is very different from that on the D5 line considered
so far. There are only two excited levels, |[F'=1) and |F'=2), and these have
a significantly larger energy separation given by AEsq/h = 2Augs2p, =
27mx816.66 MHz [57]. This separation allows the ‘weak’ field regime — where
state mixing is negligible — to be a valid approximation for larger magnetic

fields.

To see this consider figure 7.8, which shows the energy structure of the excited
52P /2 level as a function of the applied field strength. In comparison to the
equivalent Breit-Rabi diagram for the 52Py5 level of the D, line, figure 7.1,
the overall trend of states mixing and IJ-coupling breaking down as field
strength increases can be see in both plots. However the 5P /2 level requires

much stronger fields to significantly exhibit this behaviour.

The hope is then that by driving the V-STIRAP process in the ‘weak’ field
regime of the D; line, the problems discussed so far in this chapter can
be avoided, or at least significantly suppressed. Consider the changing po-
larisation transition strengths from the ground |F=1,mpg) to the excited
lp(F'={1, 2}, m»=0)) magnetic sublevels shown in figure 7.9. Once again

oppositely polarised transitions are oppositely strengthened or weakened at



7.3. Photon generation on the Dy line 208

1800

mJ—+§
1200 |
N L
S 600
=
K Or
)
<
S ] 50
= 600 my=—1
0
—1200 }
-1
1800 % 250
B 0 1250 2500

B(G)

Figure 7.8: The energy eigenstates of the excited 52P1/2 level for the 8"Rb Dy
line. The levels start spaced in energy by the hyperfine interaction, with the low-
est energy state, |F'=1), taken as the zero of the energy scale and all magnetic
sublevels degenerate. As the field strength increases the Zeeman effect lifts this
degeneracy, initially shifting levels by the projection of there total angular momen-
tum onto the field, mp. At higher fields F' ceases to be a good quantum number
as I and J decouple, ultimately causing states to be grouped by and mj ordered
within these groups by mj;. The states that have mp = 0 at low fields are shown
with solid lines, whilst all other magnetic states are dashed. Inset is a closer look
at the [¢(F'=1)) level.

each excited level, however, at equivalent field strengths, this effect is con-
siderably smaller in comparison to that on the Dy line (shown in figure 7.2).
However the coupling strengths themselves are weaker. With no external
field, |A|F:1,mF>7‘F/:{172},0> ‘2 = 1/12 on the Dy line, which can be compared to
the stronger transitions ‘A|F:1’mF>’|F/:0’0>‘2 =1/6 and ‘A|F:1,mp>,|F’:1,0>‘2 =
5/24 on the Dy line. Moreover the transition dipole matrix element for the D,
line is (J=1/2|ler||J'=1/2) = 2.54 x 1072 Cm =~ 0.75x (J=1/2||er||J'=3/2)
[57].

Whilst this reduction in transition strengths can be easily compensated for

on the driving arm of the V-STIRAP A-system by increasing the laser power,
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Figure 7.9: Polarisation transition strengths for transitions [F=1,mp) <>
[P (F" = {1,2},m}>=0)) expressed as multiples of the D; transition dipole ma-
trix element squared, |(J=1/2||er||J’=1/2)|*. The field strength is shown by the
Zeeman splitting, |Ayz|, it produces in the ground state.

the atom-cavity coupling will also be unavoidably reduced. To understand
whether this prevents us from efficient operation of the driving scheme on

the Dy line, we will look at the predicted effects on the generation of single

photons.

7.3.2 Single-photon production: current system

To begin, we can consider driving an equivalent system to that considered
in section 7.2. The driving power is increased to /27 = 35MHz, once
again using a 500ns long sin? intensity pulse, with system parameters® of
{90, k,v}/2m = {7.27,1.875,3} MHz and a ground state Zeeman splitting of
|Az|/2m = 14 MHz. It can be noted that this driving power corresponds to
Rabi frequencies of Qo,{|F:1,mF>,|F/:{1,2},o>}/27T = A\F:l,mp),\F':{172}70>Q_0/27T ~
10 MHz, considerably higher than the effective atom-cavity coupling rate on
any considered transition. This was chosen out of necessity as the weaker

coupling on the Dy line requires higher driving powers to achieve any signif-
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Figure 7.10: The predicted generation efficiencies of both polarisations of photon
production for each driving process, with system parameters as described in the
text. The dashed lines indicate the positions of the |ih(F'=1)) and [¢(F'=2))
levels. Most emission occurs near these resonances and so they are shown in detail
in the main plot, with the entire scan range shown in the inset for reference.

icant photon emission within a 500 ns pulse.

Figure 7.10 shows the photon production efficiency as a function of cavity
detuning, spanning the entire range of the excited levels. We can see that the
efficiency with which each polarisation is produced is approaching symmetric
about the excited |¢(F'=1)) level due to the state mixing being so small as
to essentially be negligible. For much of the region between the excited levels
the process is too far detuned for the chosen driving power to produce any

significant emission.

Around the excited [¢(F'=2)) level something unusual happens — the atom
emits a combination of both ¢ and o~ photons regardless of which di-
rection the system is driven in. Moreover, in both cases the orthogonal

polarisation to that targeted by the driving scheme is significantly pro-

’The atom-cavity coupling rate, go, has been calculated using equations (2.16), (2.17)
and (2.25) with the updated values for the D; line.
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Figure 7.11: Plots of the total spontaneous emission, in terms of photon number,
for the driving processes targeting each polarisation of single photon, as a function
of the cavity detuning.

duced. This can be understood as the atom cycling on the resonances
|F=1,mp==41) <« |{/;(F’:2,m%:j:2)>. These excited stretched states do
not just prevent us from driving near the [¢(F'=2)) level. Further simu-
lations showed when driving between the two excited levels with sufficient
power to produce photons with a non-negligible efficiency there is also signif-
icant excitation to these stretched states. As such we conclude that driving
around the excited ]@Z(F '=1)) level is the only region on the D; line in which

it could be feasible to operate our source.

Figure 7.11 shows the spontaneous emission when the cavity is near resonance
with the excited levels. Once again the near balanced couplings are reflected
in the symmetrical scattering rates around the [¢(F'=1)) level, with this
symmetry is broken around the |zZ(F '=2)) level by couplings to the excited
stretched states. However it can also be seen by comparison to figure 7.10 that
around the ]gZ (F'=1)) level spontaneous emission exceeds photon production,

giving us an effective Fp < 1 for both driving processes. This is comparable
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to the performance achieved on the |)(F'=1)) level of the Dy line, albeit
with balanced processes for each polarisation of photon, as oppose to one

strengthened process with the other one weakened.

It should not be surprising that we are still struggling to suppress sponta-
neous emission. The zero-field atom-cavity coupling on the |F'=1) level of
the D; line is go = go/V12 = 27x2.12MHz. Noting once again from sec-
tion section 2.1.4 that Fp = 2C, and using equation (2.35) this gives that
C = 0.39, below the C' > 1 definition of the strong coupling regime. In such
conditions it is inevitable that spontaneous emission will be significant in

comparison to single-photon production.

7.3.3 Single-photon production: proposed systems
Shortened cavity

By moving to the D; line the nonlinear Zeeman effects of asymmetric tran-
sition strengths caused by the external magnetic field have been reduced,
however the overall weaker coupling in this regime prevents efficient oper-
ation of the source. The question is then whether this can be overcome
with a modification to the current system. Recall from section 2.1 that the
atom-cavity coupling rate increases as the cavity length is shortened (equa-
tions (2.16), (2.17) and (2.25)). The trade-off is that the cavity linewidth will
increase with k o< 1/ L,y (equations (2.4) and (2.5)). This means that if the

reduced transition strengths are compensated for by shortening the cavity
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Figure 7.12: The predicted efficiencies of polarised photon production and total
spontaneous emission for each driving process as a function of the cavity detun-
ing. The system modelled to produce these plots has parameters {gg, ,v}/27 =
{24.29,9.375,3}MHz — this corresponds to a cavity of identical performance to
that constructed, but with 1/5 the length at Leay = 67.8 pm. The driving was a
500 ns sin? pulse of peak intensity Qg/2m = 120 MHz and had a Zeeman splitting
of |Az|/2m = 70 MHz.

to increase gg, a larger Zeeman splitting is required to allow the cavity to
selectively couple to only one magnetic sublevel of the ground state. Fortu-
nately the large hyperfine spacing of the D; line gives the freedom to apply
these higher magnetic fields whilst, hopefully, still operating in the ‘weak’

field regime.

As a physically realistic example consider the case where our cavity is short-
ened to 339 pm/5 = 67.8um. The system parameters would then become
{90, k,7v}/2m = {24.29,9.375,3} MHz with a zero-field atom-cavity coupling

of go/2m = 7.01 MHz and cooperativity of C' ~ 0.87.

Figure 7.12 shows the photon production efficiency and spontaneous emission
of this system with the cavity around resonance with the |¢)(F'=1)) level.

To accommodate for the broader cavity linewidth the Zeeman splitting of
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the ground state has been increased to |Az|/2m = 70 MHz, however we can
see that the driving processes for each polarisation of photon are still rel-
atively symmetric in this regime. To quantify this, at |Az|/2r = 70 MHz,
’A|F:1,—1>,\J(F’:1,0)>| /|A\F:1,+1>,|J(F’:1,o)>| ~ 0.9. With the Raman resonances
further detuned from the exited level the driving power must also be in-

creased, in this case to Qy/27 = 120 MHz.

Now, with the cavity set near resonance with the |¢)(F'=1)) level, the single
photon production exceeds spontaneous emission for both driving processes.
At Ag/2m = 2.3 MHz both ¢ and o~ photons are produced with an effective

Purcell factors of 1.4.

The cavity length and these driving parameters were not chosen as the opti-
mum point at which to operate on the D line, rather they demonstrate that
it is possible to operate a polarisation selective scheme where both processes
have an effective Fp > 1. This is a feat which could not be replicated on the
Ds line, where the conflicting requirements of sufficiently low magnetic fields
to be in the ‘weak’ field regime — where one driving process is not inhibited —
and suitably high fields to allow selective coupling to the magnetic substates
of the ground level by a cavity of realistic linewidth, prevent us from doing

SO.

Fibre cavities

We can take this a step further. The atom-cavity coupling provided by our

shortened cavity is only sufficient to have photon emission into the cavity
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slightly exceed spontaneous emission. To be able to generate Fock states of
large photon numbers efficiently, we want to improve this ratio to the point
where many photons are emitted into the cavity between spontaneous events.
As our cavity can only be shortened so far before the increased linewidth

becomes problematic, an entirely new approach could hold the answer.

In 2010 Jakob Reichel et al. demonstrated a Fabry-Pérot cavity of finesse
F > 130000, formed between mirrors on the ends of optical fibres [81].
Since this initial demonstration work has continued on the fabrication and
application these fibre-tip mirrors, such as technique of Matthias Keller et
al. for minimising birefringence [142] and our own groups ongoing work to

create single-mode to single-mode fibre cavities [54].

Prior to the application of the dielectric mirror coating, the end facets of
these fibres are ablated by a CO, laser to form a smooth surface with a tight
radius of curvature. The curvatures of these ablated surfaces (as small as
150 pm) are far tighter than can be achieved using conventionally machined
glass substrates (where the 5cm curvature of our mirrors is essentially at
the engineering limit). As such the mode volumes of these fibre cavities
are orders of magnitude smaller than our current set up can produce, and

accordingly the atom-cavity coupling is significantly increased.

We will consider a cavity of length L.,, = 128 pm, constructed from mirrors
of curvature R.,, = 200um, with Lyr = Loc = 10ppm scattering losses
from each mirror and transmissions of Tgr = 5 ppm and Toc = 40 ppm for

high-reflection and out-coupling mirrors respectively. These specifications
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Name Symbol Value Units
Length Loy 128 am
Radius of Curvature Reoy 200 pm
Mirror transmission Tur, Toc 5, 40 ppm
Mirror losses Lyr, Loc 10, 10 ppm
Mode Waist Wo 4.81 pm
Mode Volume Vin 4.7 x 103> pm?3
Linewidth AWFWHM 12.12 27 - MHz
Free Spectral Range Awpsr 1.17 27 - THz
Finesse F 96,600 -
Atom-Cavity Coupling (Dy) 9o 66.0 27 - MHz
n (D2) 9o 95.0 27 - MHz
Cavity Field Decay K 6.06 27 - MHz
Atomic Amplitude Decay ¥ 3 2m - MHz

Table 7.1: Summarised parameters of a fibre cavity and its coupling to a 8’Rb
atom.

are reasonable as all are within the range of fibre-tip mirrors already used
to form cavities in our labs. The performance parameters of this cavity are
summarised in table 7.1. Of immediate note is the vastly increased atom-
cavity couplings of go/2m = 66 MHz and 95 MHz for the D; and Dy lines
respectively (compared to 7.27 MHz and 10.46 MHz for our constructed sys-
tem). The cooperativity of this cavity on each of these lines, considering
the zero-field coupling to the |F'=1, m/>=0) sublevel in both cases, is then

C =10.0 and 51.8 respectively.

Despite the exceptionally strong coupling on the D5 line, the relatively large
linewidth of the cavity (wpwnm/2m = 12.12MHz) when compared to the
hyperfine splitting of the energy levels may once again be problematic. We

instead consider driving the process on the D line, which is summarised in
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Figure 7.13: The predicted efficiencies of polarised photon production and total
spontaneous emission for each driving process as a function of the cavity detun-
ing. The system modelled to produce these plots has parameters {gg, ,v}/27 =
{66.0,6.06,3}MHz which corresponds to a physically realisable fibre cavity. The
driving was a 500ns sin? pulse of peak intensity Q/27 = 66 MHz and had a
Zeeman splitting of |Az|/2m = 42 MHz.

figure 7.13 as a function of the cavity detuning. We now see that photon
generation efficiencies far exceed the probability of a spontaneous emission

when driving near the \{E(F '=1)) level. Quantifying this at two points of

interest,

e at Aq/2m = 28.8 MHz both processes have 86.2 % efficiency and effec-

tive Fp’s of 14.1 (ot generation) and 7.9 (¢7),

e at Ac/2m = 10.2 MHz both processes have effective Fp’s of 10.86 and
are 90.0% (o1) and 78.6 % (o) efficient.

For this simulation the driving power was Qy/27 = g;/2m = 66 MHz and the
Zeeman splitting was set to |Az|/2m = 42 MHz (chosen to be three times
the Zeeman splitting used for our constructed system to correspond to the

approximately three times broader linewidth of the fibre cavity). Once again
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no attempt has been made to find the optimal driving parameters but it is
clear that the efficiency and purity of the photon emissions from the new
system are predicted to far exceed anything that could be achieved with

conventional mirror substrates.

7.4 Conclusions

In this chapter we have seen that the orthogonally polarised transitions of
our V-STIRAP A-system are oppositely strengthened and weakened by the
external magnetic field. The field strengths we apply are non-negligible in
comparison to the energy splitting of the atomic hyperfine structure and so
the mixing of these states and its resultant effects are significant to our sys-
tem. By considering the emission of each polarisation of photon, conditioned
on the detection of an orthogonally polarised photon in the previous driving
interval, we inferred the relative efficiencies of both directions of the driving
process. These were shown to match the theoretical predictions made us-
ing the nonlinearly shifted coupling strengths and energy levels, which both
validates the model and resolves previously unexplained deviations of the
predicted emission efficiencies from those measured. These efficiencies were
found to be balanced at Ac/2m =—13MHz, 19.5 MHz and 81 MHz for our
system (using typical driving parameters). The latter of these had the high-
est overall efficiency making this the apparent optimum point at which to

operate the source.
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Ultimately however the efficiency and purity (generally considered as the
effective Purcell factor) of the V-STIRAP process was worse when the cavity
couples the weakened transition. As we require alternately polarised photons
to be emitted we are always using this negatively impacted process and so
it was concluded that the overall effect of these nonlinear shifts is to inhibit

our desired scheme.

This state-mixing can be reduced by operating the source on the D line with
its larger separation of hyperfine energy levels. Operating the source near
the |1(F'=2)) level or between the two excited levels was found to be unsuit-
able as off-resonant excitation to the | (F'=2, m/,=+2)) magnetic sublevels
quickly depopulates the desired end states of the V-STIRAP process. Operat-
ing our source near the |[¢(F'=1)) level does allow near symmetric processes
in both driving directions, but with low efficiencies such that spontaneous
emission exceeds photon production in both cases. This is a result of the
inherently weaker transition strengths on the Dy line, which prevent us from

operating in the strong-coupling regime with our current system.

Shortening the cavity to reduce the mode volume and consequently increase
this coupling is possible on the D; line as the higher Zeeman splitting re-
quired to accommodate the broader cavity linewidth is achievable when still
near the ‘weak’ field regime. Considering a cavity of identical construction
to ours but only 67.8 pm long, simulations showed that is was possible to
have photon emission exceed spontaneous emission for both polarisations of
photon production. However the effective Purcell factors, such as Fp = 1.4

at the point where they are equal for both processes, are still sufficiently
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low that spontaneous emission would be expected to significantly impact the

coherence of any n-photon states generated.

Towards the ultimate aim of the efficient production of (n > 2)-photon Fock
states, an equivalent consideration of fibre cavities showed that the far tighter
mirror curvatures they provide (and correspondingly increased atom-cavity
coupling) allows the source to be operated on the D; line in a regime where
the production efficiencies of both polarisations of photons are an order of

magnitude higher than the probability of spontaneous emission.

The conclusion of this chapter is that the nonlinear Zeeman effects within
the atom must be considered to understand the operation of our single-
photon source. Whilst these effects are found to be detrimental to our current
scheme, the problems are not insurmountable. By considering regimes in
which these effects are lessened or, even better, by considering systems which
far exceed the strong-coupling criteria, we have shown that an improved

source is within the reach of current technologies.



Chapter

Conclusion

This thesis has presented the construction, characterisation and application
of a single-photon source that provides exceptional control over the photons
themselves. This system has wide-ranging applications in the field of quan-
tum information, offering a path to preparing many-photon states for use in
LOQC and providing the interface between flying and stationary qubits in
quantum networks. Section 8.1 briefly summarises the key results found in

this work and section 8.2 discusses the next steps to be taken.
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8.1 Results

The work described in this thesis can be broadly separated into three areas:
implementation of the source, interference of the photons through optical net-

works, and novel effects observed in the polarised atom-cavity interface.

To begin we successfully demonstrated the production of alternately polarised
single photons from an atom-cavity system. This polarisation control allowed
for the deterministic routing of the emitted photon stream into optical paths
of differing lengths and thus the delivery of pairs of simultaneous photons.
The flexibility of this scheme was illustrated by the arbitrary shaping of
the photon wavepackets and their long temporal profiles which allowed the
coherence of the produced photon pairs to be examined in a time-resolved
manner. A Hong-Ou-Mandel experiment showed an overall two-photon inter-
ference visibility of (70.8 & 4.6) % for 300 ns long photons, further increasing
to > 97.8 % when post-selecting only correlated detections within less than

23 ns of each other.

The combination of our source with a multimode interferometer integrated
onto a photonic chip was demonstrated. The two-photon interference through
this network exhibited a comparable degree of non-classical behaviour to that
observed on the Hong-Ou-Mandel beam splitter, showing that the source can

be applied to more complex systems without a loss of performance.

In the course of this work we observed two unforeseen and previously uncon-

sidered effects. Firstly a novel model for V-STIRAP processes that includes
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the unavoidable birefringence inherent to most real-world dielectric mirrors
was presented and tested. Using this model we demonstrated how this bire-
fringence impacts both the inherent ability of the cavity to couple different
transitions in an atom and how any misalignment between the cavity and
atomic bases leads to the emission of photons with an evolving polarisation

state along their length.

It was then shown that the nonlinear effects of the external magnetic field
on the atomic energy levels and coupling strengths, and in particular the
transition from the Zeeman to the Paschen-Back regime, must be considered
to fully explain the behaviour of the source. After confirming the predicted
shifts by observing the polarised emission of an atom driven at different fre-
quencies, it was seen that these effects are significant and explain previously
unresolved discrepancies between the modelled and measured behaviours of
the system. Although it was concluded that the asymmetry induced in the
production of each polarisation of photon ultimately hinders the efficient gen-
eration of many-photon states, the greater understanding gleaned was vital

to the discussion of future improvements to the source.

8.2 Future outlook

One of our motivations for using a polarised scheme for single-photon pro-
duction was the efficient preparation of n>2-photon states. Ultimately the

inhibited photon emission arising from nonlinear shifts of the atomic transi-
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tion strengths prevented us from efficiently producing three or more consec-
utive photons. However this is not an insurmountable issue. Here we discuss
some possible routes to realising this goal and also potential enhancements

and applications of the system to quantum networks.

Single polarisation generation

The efficient production of a stream of alternately polarised photons is limited
by the driving scheme with the lowest probability of emission. In our case
we have found that in the presence of an external field, this limitation is
due to the cavity coupling a weakened atomic transition. Instead we could
only use the orthogonal (strengthened) V-STIRAP process by repumping
the system back to the initial magnetic substate after every driving pulse.
Optically repumping in this manner would be inherently probabilisitic given
the various excitation and decay channels available to the atom, however
if it could be achieved efficiently then a stream of more than two photons
could be emitted with far higher probability. Moreover in this scheme the

atom-cavity coupling strength would increase with the magnetic field.

It is worth noting that the emitted stream of photons will all have the same
polarisation and so active routing would be required to deterministically send
photons into differing delay lines. This can be achieved with, for example,

Pockels cells as was briefly discussed in section 2.2.2.
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Smaller mode cavities

We have seen that the Dy line, with its further separated hyperfine structure,
is more resilient to the nonlinear Zeeman effects discussed in chapter 7 and
so appears better suited to our scheme so long as the weaker transitions
inherent to it are counter-balanced by a more strongly coupled (smaller mode
volume) atom-cavity system. Whilst simply shortening our cavity was shown
to provide some improvement in comparison to our current configuration on
the D5 line, the next major improvement would be to utilise the tighter-
curvature mirrors available using new fabrication techniques that we have

started to explore in our group.

Mirrors ablated onto the tips of fibres are one such possibility, however con-
structing cavities from these mirrors is technically challenging. The imme-
diate difficulty is aligning two fibre-tips in free space such that they form
a cavity mode and attempting avoid stability issues as these fibres flex and
vibrate. Even with such a cavity constructed, the coupling of the cavity
mode into the fibre core is a major source of loss. Whilst a single-mode
fibre may have total diameter of ~@ 125 um, the core will typically only be
~gbhnm. With this core being a comparable size to the cavity mode on the
mirror surface, a significant fraction of this mode is lost to the fibre cladding
even for optimal alignment. One possible solution to this problem has been
demonstrated by Keller et al. who spliced graded-index (GRIN) fibres to the
front of single-mode fibres to achieve increased mode-matching out of their

cavity [143].
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An alternative would be to ablate equivalent mirror curvatures onto solid
substrates. This would require the free-space coupling of light into and out
of the cavity mode using additional optics (much as our current system does)
but the bulk substrate used could be intrinsically more stable and not subject

to inherent mode coupling losses.

Dipole trap

An additional benefit of these smaller mirrors (be they fibre-tips or solid
substrates) is an improved optical access from the side, which could allow for
the integration of a dipole trap to improve the loading and increase the in-
teraction time of individual atoms. Our present system relies on the stochas-
tic delivery of atoms and the loading efficiency is kept deliberately low to
reduce the risk of multiple atoms being in the cavity simultaneously. Conse-
quently the majority of experimental time is spent with no atoms in the cav-
ity. Moreover moving beyond random loading is required before experiments
using multiple atom-cavity systems can be performed as the probability of
two cavities being simultaneously loaded with a single atom (as is desirable)
scales with the probability of two atoms being loaded into the same cavity

(undesirable).

Single 8"Rb atoms trapped in far-detuned optical tweezers have already been
demonstrated [144-146], moreover once in the cavity additional cooling pro-
cesses have been shown to allow long interaction times and high degrees of

localisation [147, 148]. Care must be taken to ensure the trapping light does
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not detrimentally perturb the atomic structure, for example with energy lev-
els shifted by the AC Stark effect or potentially analogous effects to the

nonlinear Zeeman effects discussed in chapter 7 [87].

Remote entanglement of atom-cavity systems

Remote entanglement is a key resource for quantum networks and the in-
herent entanglement of an emitted photon to the final atomic state can be
leveraged to entangle two atoms in different cavities. Such schemes typically
involve preparing the atom in an mp = 0 state and driving a V-STIRAP
process with m-polarised laser light to entangle the polarity of the emitted
photon with the final atomic state. This was first demonstrated by Rempe
et al. [70, 101] with the generation of an entangled photon pair from a single
atom. This was subsequently repeated and optimised using a trapped atom

[149, 150].

To instead entangle two atoms, consider both producing a single photon, and
this pair then interfering in a Hong-Ou-Mandel experiment on a beam split-
ter. If the photons ‘anti-bunch’ (i.e. are detected in different output ports)
then they were orthogonally polarised and so the atoms are probabilistically
projected into an entangled state. An a prior: deterministic atom-atom en-
tanglement scheme can be similarly realised by the direct absorption of a

photon emitted from the first atom by the second atom [71].

To extend this work one could consider using more complex networks in place

of the simple beam splitter. For example the MMI demonstrated in chapter 5
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has four input channels each of which could be linked to a different atom-
cavity system. In general the interference of the emitted photons through
larger quantum networks could offer a path to generating cluster states of
atomic qubits. Instead of scaling to ever larger numbers of cavities each with
a single atom, the ongoing work into reconfigurable arrays of dipole-trapped
atoms [146, 151] could allow individual atoms to be moved into and out of a

cavity, significantly reducing the resource overhead for such a scheme.

The last word

Quantum information is a fast-evolving field and the current state-of-the-art
is still far away from the robust and reliable technologies that may one day
become common place. Whilst the path to this future is still unclear, it seems
inevitable that shift from large experimental set-ups to integrated technolo-
gies, with light proving the transfer of information over larger distances, must
eventually come to the fore. The interfacing of matter and light in quantum
states is a key building block to this end, and cavity-enhanced interaction
with a single mode of the electric field provides this. Our system of an atom
coupled a high finesse optical cavity is then an excellent proving ground to
explore and expand this interface. Whether as a single-photon source for
LOQC or as a node in a quantum network, the field seems well placed to
continue to substantially contribute to the study of these technologies and of

fundamental quantum phenomena in the future.
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