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The possibility of creating a scaleable quantum network by interconverting
photonic and atomic qubits shows great promise. The fundamental require-
ment for such a network is deterministic control over the emission and
absorption of photons from single atoms. This thesis reports on the experi-
mental construction of a photon source that can emit single-photons with
arbitrary spatio-temporal shape, phase, and frequency.

The photon source itself is a strongly-coupled atom cavity system based
on a single ' Rb atom within a macroscopic high-finesse Fabry-Perot cavity.
It operates intermittently for periods of up to 100 us, with single-photon
repetition rates of 1.0 MHz and an efficiency of almost 80 %. Atoms are
loaded into the cavity using an atomic fountain, with the upper turning
point near the centre of the cavity mode. This ensures long interaction times
without any disturbances introduced by trapping potentials. The photons’
indistinguishability was tested, with a two-photon Hong-Ou-Mandel visibility
of 87 %.

This ability to both generate, and control, the photons’ properties, for
example producing photons with symmetric or multi-peaked spatio-temporal
shapes, allows for the production of photons in an n-time-bin superposition
state where each time-bin has an arbitrarily defined amplitude and phase.
These photons can be used as photonic qubits, qutrits and qquads, and their
properties have been tested using a small linear-optics network.
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INTRODUCTION

1.1 WHY DO WE CARE?

The Gedanken experiments of Einstein and Bohr [1], which form the basis
of much of Quantum Mechanics, were for many years thought to be exactly
that, Gedanken. It was assumed that we would never be able to see single
quantum particles such as atoms and photons, let alone manipulate and
experiment upon them at will. Technological advances in the last few decades
however have managed to make these experiments commonplace for many
quantum particles, for example single atoms [2-4], ions [5, 6], electrons [7, §]
and even single photons [9, 10].

As the predictions of Quantum Mechanics (QM) seem to be at odds with
the Classical world [11, 12] many people have tried to reconcile the two, in
particular the apparent non-locality of entangled states [13—15]. However
recent experimental work has shown that fundamental particles do indeed
behave in this non-intuitive way [16-18]. Having determined QM’s veracity
at the level of single quanta the next challenge is to try to scale this up,
slowly increasing the number of particles - whilst keeping the control that
we already have - to explore the Quantum-Classical Boundary [19-21]. It
was through trying to understand the apparent contradictions of QM, and
in particular the phenomenon of entanglement, that it was realised that

there existed the possibility to exploit these unusual behaviours for practical



INTRODUCTION

purposes; two of the most powerful ideas have been Quantum Cryptography
(QC) [22] and Quantum Information Processing (QIP) [23, 24].

Due to the ability of quantum systems to exist in a superposition of many
different states, it is possible for a Quantum computer to solve certain types
of problems exponentially faster than a classical computer, scaling with
increased size at a rate of 2%V rather than the classical scaling of 2N. The
most famous of these problems are the Deutsch-Joza (constant/balanced)
[25], Grover (database search) [26, 27], and Shor (prime factorisation) [28]
algorithms, and it has also been shown that it is possible to create a universal
computer [29, 30]. In addition to the dream of a full Quantum computer,
an interesting subset is the idea of quantum simulations, where instead of
calculating the solutions to a particular problem one creates an entirely
different system - over which there is complete control - which displays the
same dynamics as the initial problem [31-33]. By studying the controllable
system we can then hope to gain insight to the more complex system. Recent
experiments have simulated relativistic quantum effects using trapped ions
[34-36] and it is thought that using these techniques might allow us to
simulate large quantum systems which quickly become intractable using
classical computers.

There are many quantum systems which can be used for QIP - indeed
any two-level quantum system can be thought of as a qubit, the quantum
generalization of a classical bit. The general criteria for a useful system
of qubits was laid out by DiVincenzo [37]: the system must be scaleable,
initializeable, have a long coherence time, allow universal computations and
each qubit must be measurable. Whilst no perfect qubit has yet been made,
current research is being conducted in many systems including Rydberg atoms

[38—42], quantum dots [43-47], superconducting circuits [48-52], and nitrogen
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vacancy centres in diamond [53-56]. The two most advanced technologies
however involve trapped atoms/ions and single photons.

Single photons have proved extremely successful in quantum communica-
tion, transferring quantum information over 144 km in free space [57, 58] and
violating Bell’s inequalities, [16, 59, 60] and distributing quantum keys over
122km in standard telecom fibre [61-63]. Recently, thanks to the Linear-
Optics-Quantum-Computation (LOQC) scheme [64—68] which relies only on
linear optics such as beam-splitters and wave-plates, along with projective
measurements, photonic qubits and gates have been manipulated and pro-
duced [69-73] and quantum factorisation algorithms have been demonstrated
[74, 75].

Atomic qubits have also provided some compelling demonstrations of
quantum interactions, where entanglement has been shown in neutral atoms
[76, 77] and chains of up to 14 ions [78-80]. Building on the proposal for
ion-trap quantum gates [81], C-NOT and phase gates have been created
[82, 83], and calculations performed [84] with large scale systems [85].

Having now described some of the things that have been done using both
atomic and photonic qubits the natural question that springs to mind is
‘Why do we need yet another one?’ The answer to this is simple - we don’t -
what we actually need is a way to get the systems that we currently have to
talk to one another. Imagine we own a futuristic universal atomic quantum
computer. We perform a calculation - a result is found - and this result is
stored in the internal state of a particular atom. We would now like to give
this atom to one of our colleagues, who just happens to own an identical
quantum computer, and what is more not only do they have this computer
in the same room as ours they have very conveniently put it inside the same
vacuum chamber as our own. It cannot be done. The atomic qubits can only

be transferred between two atoms which are being held in the same trap
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[86, 87]; to transfer an atomic state between isolated traps one must turn to
another information carrier - photons [88].

So now let us take a look at photonic qubits. Photons are great for quantum
communication as you do not need any special apparatus to transmit them -
just point your emitter in the direction that you want to send the quantum
information and off it goes [58]. Unfortunately the reasons for this simplicity
(photons move at the speed of light and are only weakly interacting) are also
photonics qubits’ greatest downfalls: computation is probabilistic [64] and
the maximum time for which a qubit can be stored [89, 90] is six orders of
magnitude less than can be achieved with atoms [91].

What we would like to have is a technique to deterministically interconvert
the atomic and photonic qubits. If we owned such a device the task of creating
a scaleable quantum computer would be simplified as one could then use the

best features of both systems whilst minimising their problems.

1.1.1  Using Cavity-QED

The processes of stimulated and spontaneous emission are usually thought of
as two distinct phenomena. The theory of Quantum-Electrodynamics (QED)
[92] shows that they are actually the same effect, the seemingly stochastic
spontaneous emission is simply the result of a stimulated emission by vacuum
fluctuations of the quantized electromagnetic field. It was discovered by
Purcell [93] (and then formalized for the interaction of a single atom in the
Jaynes Cummings Model [94]) that this interaction with the vacuum is not
fixed but is instead dependent on the number of electro-magnetic modes
with which the atom is interacting. This logically led to the idea that if one

vacuum interaction was engineered to be significantly dominant over the rest,
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for example using a resonant cavity, it would be possible to cause an atom
to coherently interact with that mode [95-97].

In their seminal paper [98] Cirac et al. proposed a quantum network
consisting of a mixture of static nodes (an atom in a cavity) and photonic
‘flying-qubits’. As the vacuum stimulated emission process is coherent, it
is possible to use these photons to distribute a quantum state through a
quantum network. The arbitrary initial internal state of an atom is coherently
transferred to a photon, this photon then leaks out of the cavity, propagates
along a transmission line to another atom in another cavity, and then in a
time-reversed counterpart of the emission process can be mapped onto the
quantum state of the second atom. This has been expanded into the idea of a
‘quantum internet’ of distributed quantum systems [99], where QIP tasks can
be performed on the static nodes [100-102] and qubits distributed around
the network using photons.

The first experimental demonstration of a deterministic C-QED photon
source only occurred in 2002 [103] and following this there has been rapid
progress of the field, with photons being emitted from atoms trapped in
dipole traps for up to 30 seconds [104-106] and indefinitely in ion traps
[107]. Cavity based trapping [108, 109] and cooling [110, 111] techniques
have also been demonstrated. The photons, which can have a controlled
polarisation [112], are characterised using two-photon interference [113-115].
Of particular interest for applications in QIP have been the demonstrations
of the state-mapping of an atomic to photonic qubit [116] and the storage
of arbitrary states of light (so far limited to weak coherent pulses) using
the desired time-reversed emission process [117, 118]. A complete review of

cavity-based photon sources can be found in Kuhn et al. [119].
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1.2 A SINGLE PHOTON PISTOL

The deterministic coupling of a single atom to a single photon relies on a
vacuum-Raman transition in a three level A-type system shown in Figure1.1.
In our experiment this is formed using the two hyperfine ground states of
87TRb along with the F’ = 1 excited state. The ground state |u) is coupled to
the excited state |x) via an electric-dipole interaction with a laser pulse of
Rabi frequency Q(t), and the other ground state |g) is coupled to the same
excited state via the electric-dipole of the vacuum mode of a Fabry-Perot
cavity, g. The cavity population is described by the state |n) and thus the
combined atom-cavity system can be written as the set of product states

li,n) where i € {u,x,g}.

06
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Figure 1.1: The concept of a single photon pistol: A single 87Rb atom is placed
inside a high-finesse cavity using an atomic fountain. A coherent Raman
transition is then driven within this atom by the vacuum field of the
cavity and an external laser pulse. This transition produces a single
photon which is subsequently emitted from the cavity.
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To produce a photon, the system is initialised in the ground state |u, 0) and
driven by the laser on the |u) — |z) transition - this leaves the intra-cavity
photon number |n) unchanged. Meanwhile, as the cavity is also resonant
with the state |z) it pumps the atom to the state |g) and in doing so a single
photon is produced in the cavity mode |n) = |1). There exists an eigenstate
of this interaction in which the excited state |z,0) does not appear and the

system is coherently transferred from |u,0) to |g, 1),

2glu, 0) — Q(t)|g, 1)
49 + Q2(1)

|67) o (1.1)

where g is the atom-cavity interaction and €(¢) is the Rabi of the laser
pulse. This ‘dark’ eigenstate (so called because it cannot fluoresce) can be
used to coherently transfer population from |u,0) to |g,1) via a stimulated
Raman transition[97]. The system starts with all of the population in the
state |u,0) and provided that the pump pulse rises slowly, the population
will be coherently transferred to the state |g, 1), placing a photon in the
cavity mode. Once the system has been transferred to the state |g,1) the
finite cavity decay causes the photon to be emitted from the cavity, leaving
the atom in the state |g,0) where it is decoupled from further evolution. A
full discussion of the theory can be found in Kuhn et al.[120].

The only dynamic variables in the entire system are the Rabi frequency
of the driving laser Q(¢) and the populations of the states (and hence the
photon’s spatio-temporal envelope as this is proportional to the state |g, 1)).
If this Rabi frequency changes then the photon must change in turn; it is
this fact that will be utilised throughout this thesis to demonstrate control
over single photons.

The most pressing experimental requirement for this process to occur is
to have the atom-cavity system in the strong coupling regime - i.e. that the

coherent interaction with the cavity mode dominates over the incoherent
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<

Figure 1.2: Coupling in C-QED: An atom-cavity system experiences three coupling
rates: g the exchange of excitation between the atom and the cavity,
the decay of the cavity field, and v the decay of the atomic amplitude.

decay. This behaviour is governed via three parameters: the free space decay
v, the cavity decay x, and the interaction between the atom with the vacuum

mode of the cavity given by

d-FE [ d2wy
go = 7 — 2h€0v7 (12)

where d is the electric-dipole moment of the transition, E is the electric field

of the cavity mode, wq is the transition frequency and V' is the volume of the
cavity mode. To be in the strong-coupling regime this atom-cavity interaction
must dominate the two decay rates, go > k7, and is more formally defined

by the atom-cavity co-operativity being greater than 1.

92
=2 _>1 1.
C 2m> (1.3)



1.2 A SINGLE PHOTON PISTOL

1.2.1 Thesis Summary

This thesis describes the design, construction and subsequent utilisation of
a cavity-based single photon source to produce photons of defined shape,
frequency and phase. In Part i the construction and initial characterisation
of the photon source is presented. This consists of Chapter2 where the
construction of the required optical cavity, atom trap and lasers is described,
and Chapter 3 where the production and characterisation of single photons
is shown. The photon statistics, which demonstrate that the source acts
as a single-photon emitter, are presented along with a measurement of the
efficiency of the source. Using two-photon interference we also examine the
indistinguishability of the emitted photons. In Part ii we present control
over the emitted photons. The production of photons with an arbitrarily
defined spatio-temporal amplitude - i.e. physical shape, is demonstrated in
Chapter 4, and in Chapter 5 control over the photons’ frequency and phase
is shown. This can be thought of as a form of arbitrary qubit generation.

Finally an outlook for future experiments is presented in Chapter 6.






Part I

A DETERMINISTIC SOURCE OF SINGLE
PHOTONS

In the following chapters the design, construction and characteri-
sation of a deterministic single-photon source is presented. The
source, which is based on a single atom being driven through
a vacuum-STIRAP transition within a high finesse Fabry-Perot
cavity, exhibits high efficiencies and sub-Poissonian statistics. The

the emitted photons are also found to be indistinguishable.






THE EXPERIMENTAL SETUP

Although it can take a while to build, the heart of any C-QED experiment
is simple: a single atom sitting between two mirrors. Comparing this to
many other physics experiments it is quite basic, yet it is a versatile tool for
studying quantum interactions.

The cavity (Figure2.1) is formed from two highly reflective dielectric mir-
rors glued to shear piezo crystals. It features great simplicity of construction
and also has the advantages of good optical access and high mechanical
stability. Single 8"Rb atoms are probabilistically loaded into the cavity using
an atomic fountain; the atoms are captured and cooled to a few uK in a
Magneto-Optical Trap (MOT) located approximately 8 mm below the cavity,

and then launched towards it using a moving molasses technique.

Figure 2.1: The high-finesse cavity before it was incorporated into the vacuum
system.

13
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THE EXPERIMENTAL SETUP

The design, construction and characterisation of the cavity is discussed
in Section 2.1, which allows us to calculate the atom-cavity parameters in
Section 2.2. The required stabilisation of the cavity is described in Section 2.3.
The loading and launching of 8’Rb atom is discussed in Section 2.4. Finally,

in Section 2.5 the experimental arrangement as a whole is summarised.

2.1 THE CAVITY

2.1.1  Mirrors

The cavity required for a single photon source relies on two properties which
are not obviously compatible. Firstly, to ensure that the system can evolve via
the coherent ‘dark’ state (Section 1.2) the interaction must take place in the
strong-coupling regime (g > {x,~}), which requires mirrors with the highest
possible reflectivity. Secondly we would like a high photon out-coupling
probability into a single mode, which requires mirrors with a low reflectivity.
This conflict can be overcome by using a pair of asymmetric mirrors as if one
of the mirrors has a significantly larger transmission than the other then it is
through this mirror that any light within the cavity mode will preferentially
leak out, thus doubling the photon collection probability. Although this does
entail a reduction in the cavity’s finesse, with mirror reflectivities at the
part-per-billion level it is possible to remain in the strong-coupling regime
whilst obtaining out-coupling into a single mode of > 95%. As the cavity
linewidth, and thus the co-operativity, of the system is dependent only on
the mean reflectivity of the two mirrors, it is unaffected by the asymmetry.

Plots of the photon emission probability and atom-cavity co-operativity
are shown in Figure 2.2. It can be seen that if we have cavity mirrors with

transmissions of 77 = 1 ppm, and 75 as a few tens of ppm, we can remain in
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Figure 2.2: The effect of changing the cavity transmission 7' = /1775 on the photon
emission probability, P = ﬁ (%), and the co-operativity
for an asymmetric Fabry-Perot cavity. We assume that one mirror
(T1) is as good as technically possible (1 ppm) and seek the optimum
transmission of the other mirror. The values of g, x,v are taken from
this experiment and provide technical, but not fundamental, limits to
the photon emission.

the strong-coupling regime and obtain a total emission probability (photon

creation and emission) of Pg =~ 80 %.

2.1.1.1 Cavity Design

The cavity design is similar to those used by the Meschede [4] and Kimble
[104] groups (Figure 2.3). The high reflectivity mirrors are aligned in free
space with a separation of about 75 um and held together with vacuum
compatible epoxy. Fine adjustments of the resonator length (Section 2.3.1)
were achieved using a shear piezo actuator.

The mirrors were manufactured by Research-Electro-Optics Inc in Boulder,
Colorado. They consist of a cylindrical substrate of BK7 glass with a diameter
of g = 7.75mm and a depth of d = 4mm. The front face is polished to
give a spherically concave surface with a radius of curvature of R, = 5cm
and surface roughness of \/20; the rear surface of the substrate is flat. A

dielectric reflective coating is deposited on the front face of both mirrors and

15
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Figure 2.3: A schematic diagram of the high finesse cavity

Suface

an anti-reflective coating on the rear of the lower reflectivity out-coupling
mirror. The mirrors were then machined down to a truncated cone with a
mirror surface diameter of @ = 1 mm by Hellma Optics GmbH. This coning
serves two purposes. Firstly, it allows for a much smaller cavity volume and
hence greater go (Section 2.2); with a 5cm radius of curvature the center of
the unconed mirror lies 150 pm below the mirror’s outer rim (the sag height),
resulting in a minimum cavity length of twice this, L = 300 yum. By coning
the mirrors to @ = 1 mm the sag height is reduced to 2.5 um and we can
achieve a < 100 pym cavity length. Secondly this coning allows us to form a
MOT much closer to the cavity mode without scattering a lot of light off the
mirrors (Figure 2.13). Although reducing the MOT-cavity distance makes no
difference to the atom-cavity interaction time, it means that any deviation
from a perfectly vertical launch is less important.

The mirrors are mounted in ceramic holders (MACOR) and then affixed
to shear piezo crystals (Noliac CSAP03) which give a 1.5 um stroke at

4320V, sufficent travel to use each piezo to scan over a free spectral range.
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The actuators were electrically contacted to the cavity mount via their
bottom surfaces using an conductive epoxy (Epotek-H20F), providing the
ground point for the battery powered locking electronics; the top surfaces
are connected to the control electronics via a vacuum feedthrough and
Kapton wire. It was originally intended to use the two piezos independently,
a high voltage offset would be applied to one, and the locking modulation
(Section 2.3.1) would then be applied to the other. Unfortunately, during
the vacuum system bakeout one of the piezos developed an electrical short;
however the inbuilt redundancy of the design allowed us to apply both signals
to the remaining piezo actuator.

The cavity mount is a solid non-magnetic steel block which locates the

cavity in the center of the vacuum chamber. The mounting block was bolted

directly to the vacuum chamber, which was in turn bolted to the laser table.

There is no further vibration damping or isolation as it was not found to be

necessary (Section 2.3.2).

2.1.2  Cavity Characterization

The cavity spectrum, which can be interrogated using the experimental

setup shown in Figure2.4, is easily understood using simple ray tracing

il

b B

Laser

Figure 2.4: Cavity characterisation optics: The cavity resonance is probed with a
mode-matched laser and the transmission and reflection spectra are
observed. The output is split using a 50/50 beam-splitter to monitor the
transmitted power (amplified photodiode) and a mode structure (CCD).

17
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between the mirrors. Two lossless mirrors, with electric field reflectivities
and transmissions, /R1,/T1 and v/Ra, /T, are separated by a distance L.
A laser beam with field amplitude E| incident on the first mirror will be
partially reflected or transmitted with the fractions Egv/R1, and Egv/T7 and
this splitting will continue each time the beam hits a mirror. As the laser is
a coherent beam (assuming co coherence length) the total beam power on
reflection or transmission is simply the sum of all the beam fractions with
the relevant integer multiple of the round trip phase ¢ = ZLQT7r =2L%. By
defining T = /1115 and R = /R1\/R3, and using the infinite sum of a

geometric series 1 + 2 + 22 + 23 4+ ... = ﬁ, this can be written as,

Er = Eo(—V/Ry + Ti/Ry € + T1 RV Ry €%* + T1 R*\/Ry €3%....)

: 2.1)
Tiv/Roe™® (
= Fy | Y~/
’ ( 1—Reo V)
Er = Eo(T + TRe™ + TR** + TR33 + ...))
T (2.2)
= Fp———
01 — Reid ’

where Er and E7 are the reflected and transmitted field amplitudes.

The cavity has a periodic spectrum (shown in Figure 2.5), with maxima
in the transmission spectra when the phase is equal to a multiple of 27 and
all the reflected beams destructively interfere. When drawn in frequency
space the periodicity of the spectrum is given by Awpsgp = 2757 and is
called the Free Spectral Range (FSR). The linewidth of each resonance peak,
Awrwin, is related to the FSR by a factor dependent solely upon the

mirrors’ reflectivity.

VR
1-R

Awprsr = AWrwHM -
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This factor is known as the finesse and is the usual ‘number of merit’ for

Fabry-Perot resonators [119].

F= . (2.4)

Transmission
T

0251

Frequency

ot

Figure 2.5: Finesse of a Fabry-Perot cavity: The finesse of a cavity is the ratio of

its linewidth (wpwpar) and mode separation (wpsg). As the finesse
increases from F = 2 (blue) to F = 10 (black) the individual peaks can
be more easily resolved.

2.1.3 Cavity Decay Rate

The most obvious method to determine the cavity field decay & is to directly
observe the decay in the intensity of the light emitted from a cavity that is
initially on resonance. This method has the advantage of being independent
of the probe laser linewidth and has the ability to observe birefringent effects
caused by the mirrors’ surfaces. However, previous measurements of this
type have shown that for clean, unstressed mirrors the birefringent mode
splitting is insignificant at our expected finesse [121]. Also, the laser that is
used to probe the cavity has a linewidth of only 200 kHz compared with the

expected 10 MHz cavity decay rate, so it should not introduce a significant
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Transmission

150 -100 50 0 50 100 150
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Figure 2.6: Cavity linewidth: the frequency of the laser is swept across the cavity
resonance and its transmission is observed. There are three peaks, the
carrier (red), and two 20 MHz sidebands (blue, green). These sidebands
are used as a frequency scale to measure the cavity linewidth. As the
linewidth is similar to the sideband separation, in order to resolve
the three lines the amplitudes of the sidebands and carrier must be
approximately equal.

error. In light of this, a simpler method - measuring the width of a cavity
resonance - can be used to determine x.

A transmission peak is observed by scanning the cavity length over reso-
nance, but this lacks an accurate frequency scale and so the linewidth cannot
be directly observed. To resolve this the laser current is modulated at 20 MHz
which puts sidebands onto the carrier frequency (Section 2.3.1) and the fixed
40 MHz separation of these sidebands can be used as a reference.

The resultant transmission profile is shown in Figure 2.6 along with a fit
of the three Lorentzian peaks from which it is composed. The FHWM of the

fit is measured to be,

Awpwin = 27 - (23.74 + 0.02) MHz. (2.5)



2.1 THE CAVITY

2.1.4  Cavity Length

So long as it is small enough to ensure that the atom-cavity exhibits strong-
coupling (Equation 1.2), the cavity length is not particularly important. A
length of 75 — 150 um gives a good go as well as having sufficient clearance
to squeeze the STIRAP beam between the mirrors. Consequently the cavity
assembly is imprecise and we calculate the length afterwards by measuring
the FSR.

With an expected cavity length of length of 100 pm the FSR would be
27 - 1.5 THz. As this is much greater than the mode-hop free tuning-range
of the laser we cannot measure it directly, so we use instead the spacing
of the higher order Transverse Electro-Magnetic (TEM) modes shown in

Figure 2.7. The mode structure is described by the paraxial wave equation

Figure 2.7: Transverse modes of the cavity: due to the cavity curvature the degener-
acy of the Ince-Gaussian transverse modes is lifted. The cavity is locked
to the fundamental Gaussian mode during experimental runs.

with boundary conditions imposed by the mirror surfaces, taking the form
of the set of Ince-Gaussian polynomials [122] (these are the general forms
- with an elliptical symmetry - of which the Hermite or Laguerre-Gaussian
polynomials are limiting cases). For a cavity of length L and curvature R,
the degeneracy of these modes is lifted by the Gouy phase causing spacing
of

1 L
AWirans = —Awpgg - arccos (1 - ) = —arccos (1 - R) (2.6)
T
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This separation should be of the order of 10 GHz, a frequency change that
is both easily inside the laser’s mode-hop free tuning range, and yet is well
above the resolution limit of our wavelength meter.

The separation between the fundamental and first order mode was mea-

sured to be,
AWirans = 27 - 35 GHz. (2.7)

Solving Equation 2.6 with this mode spacing gives a cavity length of L =

74 pm, which in turn corresponds to a free spectral range of
Awpsr =27 -2.0THz (2.8)

and a finesse of,

A 2.0 x 10'2
WESR 20X 85.000. (2.9)

F= = =
AWFWHM 23.7 X 106

This is significantly lower than we were expecting from the specified properties
of the mirrors, and indeed whilst building the cavity we measured a Finesse of
F =160, 000. It is thought that the mirrors were damaged during the vacuum

bakeout increasing the losses and thus the cavity linewidth (Section2.4.1).

2.2 ATOM-CAVITY PARAMETERS

The fundamental transverse mode of the cavity (T'E M) has a standing-wave

Gaussian profile given by the function,

. 2
Y(x,r) =sin (72878 nfn) - exp (—:8> , (2.10)



2.2 ATOM-CAVITY PARAMETERS

where wq is the mode waist and is related to the cavity length and mirror
curvature by

AL L

As the cavity length is short compared to its Raleigh range (~ 1 mm) the
radial divergence of the mode can be neglected and the cavity mode can be
simplified to a cylindrical shape. The mode volume V is found by integrating

over the T'E My profile leading to

2

V= %L. (2.12)

Finally, using the values from [123], the atom-cavity parameters can be

calculated as shown in Table 2.1.

Name Symbol Value Unit
Cavity Length L 74 pm
Radium of Curvature Rc 5 cm
Mirror Diameter & 1 mm
Central Clearance - 69 pm
Mode waist wo 18.4 pm
Mode size at mirror w 18.4 pm
Mode Volume \Y 2 x 10* pm?
Linewidth AwprwHM 23.7 27-MHz
Free Spectral Range Awrsr 2.0 2m-THz
TEM Splitting AWirans 35 2m-GHz
Finesse F 85,000 -
Atom-Cavity Coupling  go 15 2m-MHz
Cavity Decay K 12 2m-MHz
Atomic Decay y 3 2m-MHz
Co-operativity C 3 -
Photon Saturation ng 0.02 -

Table 2.1: Properties of the High-Finesse Cavity
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2.3 CAVITY STABILIZATION

Once the basics of alignment are taken care of, the primary difficulty with
a high-finesse cavity is the mechanical stability. The previously calculated
cavity parameters provide an idea of the required stability criteria. To scan

% , therefore to

over one FSR the mirrors only have to move by AL =
shift the cavity frequency by Awrgw iy we require a length change of only
AL = % . % = 4.5pm. We would ideally like to have the cavity stable to
within a small fraction of the resonance peak as this ensures that the cavity
and STTRAP laser are always Raman-resonant. This means that the cavity
must be stable to within 100 fm for the entire time that the atom cloud

interacts with the cavity.

2.3.1 Active Stabilization

To achieve this imposing stability criterion we have to actively stabilize the
cavity length. To do this we use the Pound-Drever-Hall (PDH) technique
[124], where we beat the light reflected from the cavity against two reference
beams each detuned from the carrier by 20 MHz. These beams (created as
sidebands to the carrier frequency) were also used as a frequency scale for
measuring the cavity linewidth (Section2.1.3)

The lock scheme electronics are shown in Figure 2.8. The laser is locked
to the desired frequency using another PDH circuit (not displayed) and has
an instantaneous frequency jitter of ~ 200kHz (as this is significantly below
the cavity locking criterion, its contribution to the measured error signal is
considered to be negligible). A 20 MHz voltage controlled oscillator (VCO)
is used to modulate the laser diode’s current to produce the sidebands. The

beat between the carrier and sidebands is detected by a photodiode looking
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Figure 2.8: Frequency stabilization of the cavity: the cavity length is stabilised

using a home-built PDH modulator, PID, and Sample-and Hold circuits.

Feedback from this circuit is applied to one of the cavity piezos to

ensure that the cavity is always resonant with the stabilisation laser.

A high-voltage offset is used to set the cavity length approximately on
resonance.

at the reflection from the cavity mirror, isolated using polarization optics.

The beat signal is amplified by a Minicircuits ZKL-1R5 40dB wideband
amplifier and the DC-offset is removed with a 20 MHz band-pass filter. The
signal is de-modulated by mixing it with the same 20 MHz oscillation used
to create the sidebands using a Minicircuits RPD - 1. This is a type of
common mode rejection and ensures that any low frequency jitters on the
20 MHz VCO exist on both inputs to the mixer and are not mapped onto
the resulting error signal. The VCO signal is amplified by a Minicircuits
ZFL-1000 and is then tuned by a Minicircuits JSPHS-26 180° narrow-band
phase shifter to allow the optimum error signal to be obtained.

The phase shifts measured as the cavity moves over a resonance are very

small. A symmetric and lossless Fabry-Perot cavity will induce a 7 phase
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Figure 2.9: Phase change across a resonance peak: the change in phase which is
detected by the PDH circuit is dependent on the symmetry of the cavity
mirrors. For a cavity with constant finesse and losses, changing from
mirrors with equal reflectivity (black) to the asymmetric mirrors used
in this experiment (red) results in a large drop in the phase shift. A
close-up of the asymmetric case is shown in the insert.

shift in the reflected beam over a resonance peak, whereas the extreme
asymmetry of our design results in a phase shift of only 7/250. This is shown
in Figure 2.9 where the expected phase change across resonance for a cavity
of our finesse is displayed. The entire apparatus must therefore be very stable
as any small movements will add significant noise to the error signal. All
the optics are mounted on 1”7 steel posts and beam distances are minimized
wherever possible; when the cavity lock is in operation even the laminar air
flow box on the laser table must be switched off as the air currents cause
large scale oscillations in the ‘DC’ level of the error signal. The fiber which
transports the light from the laser to the cavity must also have an angled
polish (APC). Using a fiber with a flat polish (PC) resulted in a large low
frequency noise contribution at ~ 0.5—1 Hz as the reflections off the fiber ends

themselves created an etalon within the fibre. Even this was not quite enough
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however, so the fibre length was reduced to 7cm, the minimum possible
which could easily obtained and yet still act as a spatial filter [125].

It was not found possible to completely remove all of the noise from the
error signal at its source, however fluctuations larger than the error signal
amplitude were eliminated at low frequencies. To remove high frequency
noise a 1kHz low pass filter was placed on the output of the phase detector
and a 100 Hz low pass filter was placed just before the piezos. In addition, all
of the cavity locking electronics (as well as an HV amplifier for the DC offset)
were run off three 24V lead-acid batteries to remove 50 Hz noise. With this
locking circuit in place it was possible to keep the cavity stabilized on the

resonance peak indefinitely.

2.3.2  Passive Stability

Intensity

0251

Time (s)

Figure 2.10: Drift of the cavity length: the transmitted intensity of the cavity after
the active stabilisation is turned off at ¢ = 0 is shown (mean signal
from five repetitions). As the cavity length drifts it moves away from
resonance with the laser, causing the transmitted intensity to fall. The
measured transmission is shown in black and a theoretical fit in red.
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As we are trying to interact an atom with the cavity vacuum field there
can be no light within the cavity during experimental runs. This means that
the laser to which we lock the cavity must be switched off and the cavity
must have sufficient passive stability to remain on resonance over a period
of ~ 20 ms whilst no feedback is being applied. The passive stability of the
cavity is shown in Figure 2.10. It is clear that the cavity has sufficient passive

stability to remain on resonance during the interaction time.

2.3.3 Sample and Hold

The locking signal that is applied to the piezos is “paused” during the inte-
action time using a Sample and Hold (SH) circuit (National Semiconductor
LF-398). This circuit, usually used as an analog-digital converter, follows
an analog input whilst at logical 1 and then freezes its output to the last
sampled value of the analog signal when at logical 0. This is achieved by
sampling the voltage over a capacitor, when the logical input drops to 0 the
analog input is disconnected and the voltage over the “hold” capacitor is
used as the output. An idealised example of this is shown in Figure2.11.
There are two SH circuits used in the locking electronics (Figure 2.8), one
before and one after the PID. The SH after the PID is used to freeze the
voltage across the piezo, once the piezo voltage has been frozen the cavity is
disconnected from the locking electronics and the cavity locking beams can
be switched off. The error signal from the PDH is frozen using the SH before
the PID, pulling the PID voltage to zero and stopping the integrator drifting
when the locking beam is switched off. This results in a reliable re-lock of

the cavity after each experimental run.
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Figure 2.11: Idealized behaviour of a Sample and Hold circuit: an analog input
(black sinusoid) is monitored by the S.H., when the logic input (blue)
is at 5V the output voltage of the circuit (red) follows the input but
when the logical input is 0V the output is kept constant at the last
sampled value. A simplified circuit is shown in the insert.

2.4 ATOMS

Only half of the challenge in an atomic C-QED system is building a high-
finesse cavity - the other half is putting a single atom inside it. If we would
like to have an atom remain in the cavity mode for any appreciable time
then that atom must be cold; at room temperature a rubidium atom will
move at ~ 200 ms~! meaning that it will traverse the cavity mode in under
a microsecond, far too short a time to use it for useful photon production.
We therefore turn to the workhorse of almost all atomic physics experiments,

the Magneto-Optical Trap, to cool the rubidium atoms.
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Figure 2.12: Photograph of the experimental apparatus: the vacuum chamber can be
seen in the centre along with the MOT and STIRAP optics. The lasers
and AOMs can be seen back right and the single photon collimation
optics in the left foreground.

2.4.1 Vacuum Chamber

As with all cold atom experiments, in order to ensure that the cold atoms
are not heated by collisions with a background gas, we must work in an
ultra-high vacuum (UHV pressures on the order 107 — 10”2 mbar). This is
achieved inside a steel and glass chamber via multiple pumping and baking
steps using a rotary-vane pump, a turbo-molecular pump, an ion getter pump
(Vacom IGP-25S), and a titanium sublimation pump (Vacom TSP). The
vacuum chamber is made of non-magnetic stainless steel and is surrounded
by three pairs of magnetic field coils to compensate for stray fields and thus

keep B = 0 within the cavity.



2.4 ATOMS

An Alvatec metal vapour dispenser was used to provide rubidium atoms
for the experiment. As alkali metals are highly reactive the rubidium is
sealed with a layer of indium, during the bakeout procedure this indium seal
must be heated until it evaporates and releases the rubidium. The dispenser
is pointed directly at the MOT to provide a high atom flux for use in the
fountain, unfortunately this also means that it is pointing directly at the
cavity mirrors. We suspect that the mirror surfaces received a coating of
indium when the seal melted, increasing the mirror losses, thus increasing

and lowering the finesse (Section2.1.4).

2.4.2  Atomic Fountain

Although various methods of trapping a single cold atom have been developed,

both for C-QED experiments and other purposes, they are all very complex.

Trapping a single atom is hard, not only must you trap it but you must do
so without any external fields which could distort the idealized three level
system used to produce the photons. We have therefore decided to sidestep
this problem by not trapping an atom at all.

Instead, we form a MOT just below the cavity and then throw the atoms
up into the cavity mode. If the impulse applied to the atoms is correct then
(ignoring any remaining thermal spread) the atoms will have just enough

energy to reach the cavity mode before turning and falling back down towards

the MOT. This will give us the longest possible un-trapped interaction time.

With an accurate fountain and a low atom density it is possible to load single
atoms into the cavity mode. A nice analogy of this is to throw a bag full of
tennis balls at a wall with a small window. Most of the balls will hit the wall
and bounce away, but if you are lucky a single ball will sail cleanly through

the open window.
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We must concede that this loading method is probabilistic, but once an
atom is found within the cavity mode the stream of photon emissions is
deterministic and with a long interaction time this creates a quasi-stable
source. The probability of more than one atom interacting with the cavity

can be kept negligible using low atom densities.

2.4.3 Magneto-Optical-Trap

[
L w4

Figure 2.13: Schematic view of the high-finesse cavity integrated into our atom-
trapping experiment. All elements and laser beams are drawn approx-
imately to scale. In addition to the arrangement of the MOT beams
(2 = 8mm), the cavity locking beam (and hence the beam path of the
emitted photons) can be seen in the side projection. The STIRAP beam
(perpendicular to the cavity mode) can be seen in the end projection.

The 8"Rb fountain was constructed by Jerome Dilley and comprehensive
details can be found in his thesis [126]. Around 10° atoms are prepared in a
standard 6-beam MOT approximately 8 mm below the centre of the cavity
(Figure 2.13). The MOT is configured with four beams in the vertical plane -
each 45° from the vertical - and a pair of beams along the horizontal. The
pair of beams which hit the MOT from above and the pair which hit the

MOT from below are controlled separately.
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The MOT (Figure2.14) is loaded for ~ 100ms and is assisted by UV
light-induced desorption (LIAD) [127, 128], allowing for fast loading rates
with a relatively low background pressure of 107!° mbar. Following this,
the MOT coils are switched off and the frequencies of the upper and lower
pairs of beams are detuned relative to each other. This cools the atoms into
a moving rest frame with a velocity v = v2AAf, where Af describes the
relative beam detuning between the upper and lower beams and ) is the laser
wavelength. Fine control over the frequencies of these beams (tens of kHz)
leads to fine control over the launching velocity, and varying the velocity of
the launch allows the throw to be tuned so that the turning point of the
atomic motion is in the cavity mode. Using simple ballistic flight arguments
and assuming a cavity mode diameter of d = 30 um one could, in theory,
achieve maximum interaction times of ¢;,; = Q.W ~ 4ms. This assumes
that the atom perfectly traverses an anti-node of the cavity field with zero
horizontal velocity, however the finite size and temperature of the atom cloud
along with the accuracy of the fountain limit the achievable interaction time

to 100 — 400 ps.

2.5 PUTTING IT ALL TOGETHER

2.5.1 Lasers

The laser system of the experiment consists of two diode lasers (Toptica
DL-100), one used to excite transitions in the ' = 1 — F’ manifold and the
other to excite the F' = 2 — F’ manifold (Figure 2.15). The lasers are locked
using the PDH technique to the C 2 and C 3 crossover lines found in sub-
Doppler pump-probe spectroscopy [129], these lie midway between the F' = 1

and F’ = 2/3 hyperfine levels. The lasers are monitored using Fabry-Perot
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Figure 2.14: A series of false colour absorption images of the atom cloud being
thrown towards the cavity at ~ 5 ms intervals. The cavity mirrors and
mounts can be seen at the top of the photograph.

interferometers to ensure single mode operation and a Toptica-HighFinesse
wavelength meter.

Individual beams for use in the experiment are tuned to their relevant
frequencies using Acousto-Optical Modulators (AOMs). As the frequencies
of the MOT beams must be changed at various times during experimental
runs, the frequency shifts for these beams are performed with the AOMs in
double-pass configuration eliminating the change in pointing angle.

The alignment of all the beams is crucial. The upper and lower MOT
beams must be completely symmetric so that all forces on the atoms are
balanced and the fountain will throw the atoms vertically, furthermore the
cavity beams are all aiming at very small targets (a w = 19 um spot for
the cavity locking beam and the d = 75 um gap between the mirrors for
the STIRAP and cavity re-pump beams). We have therefore decoupled the
bulk of the optics - lasers, AOMs etc - from the experiment itself using

polarization maintaining optical fibers. This also has the added benefit of
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Figure 2.15: Hyperfine energy structure of the 8’Rb D line. The F =1 — F’ and
F = 2 — F’ transitions are each addressed with a Toptica DL-100
laser stabilised to a crossover line and then shifted to the necessary
frequencies via AOMs.

acting as a spatial filter, removing the higher order modes leaving only the

fundamental Gaussian beam (Figure 2.16).

2.5.2 STIRAP Driving and Re-pump Pulses

The STIRAP laser beam used to drive the atom in the cavity is controlled
by an AOM (Crystal Technologies - 3110-122) controlled by an arbitrary
waveform generator (A.W.G. Agilent N6031A, 1.25Gs/s) and a wideband
amplifier (Minicircuits ZHL-1A+). This amplifier chain, along with the
intrinsic properties of the AOM itself, results in a large non-linearity. As we
would like to accurately shape the amplitude of the photons’ spatio-temporal

mode we must be able to drive the atom-cavity with an exact pulse - to

35



36

THE EXPERIMENTAL SETUP
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Figure 2.16: Schematic of the laser setup: two lasers are used, one for each F' — F’
manifold, and are stabilised using PDH pump-probe spectroscopy of a
Rb vapour cell. Individual beam-lines are shifted to the correct frequency
and switched using AOMs. The MOT and cavity are isolated from the
lasers using optical fibres.

do this we normalize the AOM chain by mapping the non-linearity over
all powers and frequencies used in the experiment and inverting it. This
re-linearization results in the pulse shaping shown in Figure2.17. The small
100 MHz oscillation on the measured pulse is caused by interference between
the shifted and unshifted beams within the AOM crystal. It was not possible
to completely remove this beat though it could be minimized at the cost of
a greater non-linearity.

The STIRAP and cavity re-pump beams were combined in a fiber beam-
splitter to ensure perfect overlap. As we are dealing with single photons
it is very important to keep all possible sources of background light to a
minimum. One major possible noise source is scatter from the STIRAP and

re-pump beams hitting the edge of the mirrors. To minimize this the beams
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Figure 2.17: Normalizing the STIRAP AOM: non-linearities in the AOM amplifier
chain must be compensated for to ensure that the theoretically desired
pulse shape (red) is the same what is actually applied to the atom
(black).

are focussed to a 14 pym spot at the cavity axis using an f = 30 cm achromatic
doublet. At the mirror edges, 500 um away, the beam has a 16 um waist

which results in just 0.02 % of the incident light being scattered.

2.5.3 Single Photon Detectors

The emitted photons are detected using Perkin-Elmer single photon counting
modules (SPCM QC6-14). These are gated and quenched avalanche photo-
diodes with a timing resolution of 350 ps and a dead-time of 50 ns. Although
the detectors were factory specified to have dark counts of 100 Hz and
quantum efficiencies (Q.E.) of ~ 60 % when we calibrated the detectors we
instead measured a dark count of 1kHz and a Q.E. of 75 %. This change
is caused by an intrinsic bi-stability of the SPCMs which causes them to
jump between their two operating modes - this is thought to be dependent
on environmental conditions. It was found necessary to check the SPCMs
before use to determine which dark count and efficiency regime they were

operating in.
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Figure 2.18: SPCM afterpulsing: an autocorrelation measurement of one of the detec-
tors shows the significant number of counts caused by the afterpulsing
of the detectors. The artificially imposed dead-time of the detector can
be seen by the missing counts around zero. The number of correlations
per 4ns time-bin are shown for a typical experimental run, on this
scale the expected signal that we are interested in would only be ~ 20
correlations.

A major drawback of these Perkin-Elmer SPCMs are the ghost detections
due to afterpulsing of the diode. The signal amplification caused by the
diode avalanche, which is required for us to detect the photon, can also cause
another spurious detection to occur. This can be seen in an auto-correlation
measurement of the counts from a single detector (Figure 2.18) where there
is an exponential decay of the these afterpulsing events along with the
artificially imposed 50 ns dead-time. These spurious counts come from two
main sources: the SPCMs emit a flash of light upon detection of a photon
which propagates back along the optical path and can be reflected onto the
detector causing a second detection, and also a longer term effect caused by
charge impurities in the detectors themselves. This noise prevents us from
using data from detector auto-correlations; cross-correlations between two
different detectors are not affected.

The TTL output from the detectors is monitored with an Agilent Time-
Digital-Converter (U1051A / TC890), which records a time-stamp relative

to an external pulse (a trigger from the arbitrary waveform generator at the
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start of every STIRAP pulse) with a 50 ps timing resolution. The time-stamps

of every detector count are then saved for later analysis in MATLAB.

2.5.4 Beam Shutters

The AOM that is used to switch the laser to which the cavity is locked has
an extinction ratio of only 10%; with a beam power of 150 uW this results
in 1.5nW entering the cavity even when the AOM is in the OFF position.
Not only would this light completely swamp the photons that we are looking
to produce, the experimental scheme described in Section 1.2 relies on the
interaction of an atom with the vacuum mode of the cavity. There is a
similar problem on the output side of the cavity. When we lock the cavity
length such that the transmission of this same beam is maximized, there is a
significant amount of light directed towards the SPCMs which is undesirable

as it results in an increased dark count.

(e "= — =)

Figure 2.19: A simplified optical setup of the cavity and beam shutters. The shutters
are placed at a tight focus of the beams to enable fast switching times.

To solve these problems we have implemented two beam blocks which place
a thin (~ 0.25 mm) layer of steel in the beam path completely interrupting
the cavity locking beam. One is placed before the cavity and is switched to
the ‘closed’ position during the atom interaction time, the other - placed in
front of the SPCMs - is switched to the ‘open’ position to allow detection of
the emitted photons (Figure 2.19).

The interaction time (shown in Figure 3.3b) is about 20 ms and as the

cavity has an extremely low drift when unlocked (Figure2.10) the beam
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Figure 2.20: Photograph and simplified circuit diagram for the beam-shutter. The
red neoprene mount (bottom of the photo) and a sorbathane pad which
connects the shutter arm to the mount are used to damp vibrations.

block does not have to be particularly fast - a millisecond is sufficient, the
cavity ring-down time of 10 ns ensures that the atom truly interacts with
the vacuum state. Rather than trying to achieve a fast switching time, as
the cavity-lock must be interrupted before the beam is blocked, the more
pressing concern is minimizing any vibration during the switch. The cavity
will be relying solely upon its passive stability to remain on resonance and so
any vibrations applied to the laser table could easily move the cavity mirrors
by the 100 fm required to knock it out of resonance.

Our first attempts to make a beam block were direct copies of the shutter
described in [130], a beam block based on the voice coil and reading arm
of a commercial hard-disk drive. Unfortunately the fast switching time of
this shutter meant that there were also very large vibrations, causing the
cavity to drift by a significant fraction of x, and even on occasion unlock the
lasers. We have instead developed a cheap and simple beam block based on
a relay (Tyco-T9AS/V) and a simple control circuit (Figure 2.20). The relay
arm is about 5cm long and has a ~ 1 mm range of motion, and can switch

a focussed beam in ~ 200 us with a ~ 50 us jitter. To minimize vibrations
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the shutter is bolted to the laser table with a neoprene mount which has
been machined to the same blueprint as a standard 1/2-inch post holder.
With this mount no vibrations can be observed on the cavity transmission

spectrum.

2.6 CONCLUSION

In this chapter I have presented the experimental foundation of our C-
QED based single photon source. A high finesse cavity (F = 85,000) was
constructed and characterised; values of {g,x} = 27 - {15,12} MHz put
this cavity in the strong-coupling regime with an atom-cavity co-operativity
of C = 3. The cavity is actively stabilised using the Pound-Drever-Hall
technique. Due to its high level of passive stability it can remain unlocked
during the 20 ms experimental runs with the locking laser switched off, this
ensures that no extraneous light interacts with the atom. To enable this a
Sample and Hold circuit and a simple beam-shutter were developed.

8TRb atoms were trapped and cooled in a Magneto-Optical Trap and were
then loaded into the cavity via a frequency detuned atomic fountain. The
background pressure of the vacuum system is kept low (10~!° mbar) and fast
loading of the MOT is achieved using Light-Induced Atomic Desorption.

Finally the apparatus to produce and detect single photons was charac-
terised. The shaped pulses, which are used to drive the atom, were created
using an RF arbitrary waveform generator and an AOM, whose response
was linearized so that exact pulse shapes could be applied to the atom. The
single photon counting modules were characterised and found to have a high
level of after-pulsing, preventing us from using them for auto-correlation

measurements.
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In this chapter the photon-generation scheme that was briefly outlined in the
Introduction and more comprehensively discussed in references [119, 120] is
implemented using the apparatus described in Chapter 2. We demonstrate
that the system behaves as a ‘push-button like’ single-photon source which
exhibits sub-poissonian statistics. The photon source operates intermittently
for periods of up to 100 us, with single-photon repetition rates of 1.0 MHz and
an efficiency of approximately 80%. Atoms are loaded into the cavity using
an atomic fountain, with the upper turning point near the cavity’s mode
centre. This ensures long interaction times without any of the disturbances
induced by trapping potentials and is the key to reaching ‘deterministic’
efficiencies (as high as obtained in photon-heralding schemes). The photons
are also shown to be indistinguishable and thus suitable for use in quantum
interference experiments.

The optimisation of the atomic fountain and STIRAP driving laser are
shown in Section 3.1. The singleness of the photons that are produced is
tested in Section 3.3, and with basic post-selection of our data the photons’
sub-poissonian statistics are shown in Section 3.4. The efficiency of the source
is discussed in Section 3.5 and the indistinguishability of the photons is

proved via Hong-Ou-Mandel interference in Section 3.6.
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3.1 EXPERIMENTAL OPTIMIZATION

3.1.1 Loading Atoms into the Cavity

The first obstacle that we must overcome to implement the atom-cavity
based single photon emitter is to confirm that we can reliably load single
atoms into the cavity. In most atomic physics situations the simplest method
of detecting an atom is to make it emit photons which can then be detected
with an APD or a CCD camera. For this system however, due to the cavity
mirrors, observing photons is quite difficult and the experimenter faces two
challenges that do not occur in free space.

The first problem is simple: the atoms are contained between two macro-
scopic mirrors which have a very small separation so the solid angle through
which fluorescence can be collected is minimal. The second problem stems
from the need to overlap an illumination beam with the atoms to excite
them causing them to fluoresce. As the cavity mirrors are quite large, and
are only spaced by ~ 75 um, it is quite hard to get a beam between them,
indeed the maximum possible beam waist at the cavity mode is only ~ 15 ym
(Section 2.2); getting this illumination beam overlapped with a cavity-mode
of unknown position which might (or might not) contain an atom is not easy.
These problems conspire to make fluorescence imaging of atoms in the cavity
mode impractical.

A more useful method for detecting atoms is to use the effect of the
vacuum Rabi splitting. As an atom passes through the cavity mode it will
shift the resonance of the system [94]. If the cavity is locked onto an atomic
resonance (e.g. the F'=1 — F’ =1 transition) and one observes the cavity
transmission with a co-resonant laser beam, a dip will be seen whenever

atoms enter the cavity mode [131]. This is due to the shift of the resonance of



3.1 EXPERIMENTAL OPTIMIZATION

Normalized Transmission

Time (ms)

Figure 3.1: Detecting atoms: the presence of atoms in the cavity mode causes a shift
in the resonance frequency of the cavity (vacuum Rabi splitting) which
can be probed with a weak laser. A 5ms long dip in the intensity of the
transmitted light was observed as the atom cloud passed through the
cavity mode.

the atom-cavity system away from the laser frequency. Although this method
of detecting atoms relies on more complex physics it is actually relatively
simple to implement as the required experimental apparatus is already in
place (Section 2.3). A typical measurement of the transmitted power in shown

in Figure 3.1.

3.1.2  Producing Photons

Once we have verified that we have loaded atoms into the cavity we can
attempt to produce photons. To do this we must drive the atoms whilst
they are within the cavity mode with a laser locked to the ' =2 — F' =

transition which, with the cavity mode stabilised to F' =1 — F’ = 1, meets
the Raman co-resonance condition. A photon should be produced in the
cavity which then leaks out through the less reflective mirror at the rate
k. Once the cavity has emitted a photon the atom is decoupled from the
exciting laser and must be optically re-pumped to the initial state F' = 2

before the sequence can be repeated.
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Figure 3.2: Experimental sequence for producing photons: After the atoms have
been launched all lasers apart from the STIRAP pulse and re-pump are
switched off. These two lasers are pulsed continuously at 1 MHz for the
entire 20 ms interaction time (20,000 pulses). A sample of this sequence
of STIRAP (red) and re-pump (grey dash) pulses is shown along with a
sample of the corresponding SPCM counts (black).

The experimental sequence is shown in Figure 3.2, the MOT is loaded for
~ 200 ms and then it is launched towards the cavity. The cavity lock is then
switched off and the sequence of STIRAP and re-pump pulses is continuously
applied to the cavity. Once the atom cloud has traversed the cavity mode

the pulses are stopped, the cavity is re-locked, and the MOT is reloaded.

3.1.3  Optimizing Atom Loading

The histogram of detector clicks caused by atoms traversing the cavity can
be used to optimize the atomic fountain to have the atoms within the cavity
mode for as long as possible. To do this we tune the fountain’s launch velocity
such that the atoms reach the maximum height of their ballistic flight inside
the cavity mode. As photons are only produced when an atom is located in
the cavity mode, the envelope of the histogram of detector counts can be used
to characterize the fountain. If we assume a similar number of atoms enter

the cavity mode per launch, a narrow peak in the number of counts indicates
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Figure 3.3: Atomic fountain optimisation: a histogram of photons produced per as a
single atom cloud traverses the cavity mode (black) was used to optimise
the atomic fountain. An order of magnitude improvement was obtained

in the interaction time of the atom-cloud with the cavity, from 2 — 20 ms.
The time ¢t = 0 is arbitrarily selected to best display the observed counts.

The number of atoms launched in each case was different and so the
displayed count rates should not be compared.

that the atoms are traversing the cavity mode very quickly compared with the
wide peak caused by slowly moving atoms. The launch velocity was therefore
reduced to maximise the width of the histogram envelope (Figure3.3). The
maximum practical width corresponds to a launch velocity of ~ 1 ms~! More
details and analysis of the atomic fountain can be found in the thesis of

Jerome Dilley [126].

3.1.4  Optimizing the STIRAP beam

Once we have loaded the atoms into the cavity, the STIRAP driving beam

must be overlapped with them. This is performed by walking the beam
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through the gap between the cavity mirrors using Piezo controlled beam-
steering mirrors (Newport Agilis) as shown in Figure 3.4a. As the gap between
the mirrors is only 70 um wide it is not possible to steer the beam in the
direction parallel to the cavity axis. The beam must be perfectly perpendicular
to the cavity mode to get through the gap, so the only degree of freedom is

the vertical direction.

130

120

R

Detectr Clicks per MOT Launch
B

PZT Steps ~ 0.5um

(a) STIRAP alignment optics (b) Photons vs Position

Figure 3.4: Aligning the STIRAP beam: the STIRAP laser was aligned to the cavity
mode (a) by observing the photon count rate as the vertical position of
the beam was changed (b).

A plot of the number of detector counts per MOT launch relative to the
position of the STIRAP beam is shown in Figure 3.4b. The most obvious
feature of this plot is the asymmetry. As the beam has a symmetric Gaussian
profile, one would expect that its vertical displacement around the cavity
axis should cause a symmetric drop in the number of photons produced.
This is the case for a stationary atom placed at a particular vertical position
within the cavity, however that is not the situation in this experiment. As
we launch atoms into the cavity from below they are able to interact with
the STIRAP beam before they reach the cavity centre. If the STIRAP beam
is centred below the cavity, when the atoms pass through this beam they
will scatter light and be blown away, thus reducing the number of available

atoms and hence the photon count rate. For a beam centred just above the
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Figure 3.5: Optimizing STIRAP polarisation: The polarisation of the STIRAP beam
was aligned using half and quarter-wave plates to be perpendicular to
the cavity mode in order to drive o/~ transitions. This results in a
maximal number of photons being produced.

cavity mode this ‘blowing away’ does not occur and the drop in counts is
solely due to the change in the interaction strength. We phenomenologically
determine the beam to be well aligned when we observe a maximum number
of photons.

The other parameter which must be optimized is the polarization of the
STIRAP beam; we would like to excite the 0% /o~ transitions as the the
higher F-number of the initial ground state means that not all of its Zeeman
sub-levels can be excited by a 7 transition. To do this we would like the
STIRAP laser to be aligned perpendicular to the quantisation axis as defined

by the cavity. As the vacuum chamber viewports are slightly birefringent we

cannot measure the exact polarization of the beam incident on the atoms.

We therefore set the polarization to be approximately correct and fine-tune
this using half and quarter-wave plates. We again phenomenologically define
the maximum number of observed counts to be the ‘correct’ polarization

(Figure 3.5) .
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3.2 PHOTONS

A histogram of the the clicks that were observed on the detectors for a well
optimized source is shown in Figure3.6. Due to the incoherent re-pump
step each STIRAP pulse (Figure 3.6a) is an independent repetition of the
experiment and the time of each detector click can be taken relative to
the start of each pulse. In this way, after a few thousand repetitions the
histogram of counts shows the relative probability of detecting the photon at
a particular time and hence the photon wavepacket i.e. Peicr(t) o< [thpn(£)]2.

Detector clicks caused by scattered photons during the re-pumping (unshaded

area) are ignored in all future discussion.

3.3 PHOTON STATISTICS

It can be seen in Figure 3.6b that we have managed to detect some photons,
or at least that our photon counters have registered clicks; we would now
like to analyze these clicks to prove that we have indeed managed to produce
a single photon source. With a highly efficient source and a perfect, noiseless,
number-resolving detector this would be trivial; in practice it is necessary to
demonstrate the anti-bunched sub-poissonian statistics of the photon arrival

times to prove the photons’ singleness.

3.3.1 Classical Intensity Fluctuations

The properties of any state of light may be determined by the statistics of its
intensity fluctuations using Hanbury Brown Twiss interferometry [132-134].
This technique relies on measuring the autocorrelation of the detected light,

i.e. we look for differences in the detected intensity at two times I(¢) and
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Figure 3.6: A histogram of photons emitted from the cavity: the sequence of STIRAP
(red) and re-pump (dashed) pulses is shown in (a), the re-pump Rabi-
frequency is not to scale. A histogram of detector counts when this pulse
is applied to the atom is shown in (b), this is the sum of 2000 MOT
launches and is displayed as the total number of decoctions per 7.5ns
time-bin. Photons which have been produced by the STIRAP process
are shaded grey, and counts from re-pump light scattered off the mirror
surfaces are left unshaded.

I(t + 7). The properties of the light are then defined by the second order
correlation function, ¢®(r),

IO+ 7))

OIS 3.1)

g (r) =

where (...) denotes the time average. A good introduction to photon statistics
can be found in Fox (2006) [135].

The benchmark against which the measured 9(2)(7') correlation function
of light is compared is that of a coherent source, i.e. a laser - perfectly

monochromatic light in which there are no intensity fluctuations. It is trivial
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to see that in this case the correlation function reduces to ¢®(r) = 1 for all
time delays 7. It is also clear from Equation. 3.1 that any classical fluctuations
in I(t) will cause ¢ (0) to increase, this is because there must be equal

fluctuations of I(¢) above and below the mean (I(t)) and so (I(t)%) > (I(¢))2.

3.3.2  Quantum Fluctuations

In this experiment, and indeed in the quantum world in general, we are no
longer dealing with large beam intensities and diode photocurrents but with
clicks on single photon detectors. When we consider a quantum optical field
we can imagine a stream of point-particle photons. If this is observed with a
single photon detector (for example an APD) we can look at the number of
photons detected in a certain time window Atgyqse. If we let Atgqe — 0 we
will start to see the inherent ‘graininess’ of the field; sometimes we will see a
photon during Atg.se and sometimes we will not: even for a coherent field we
no longer have a constant photocurrent (Figure 3.7a). Instead of looking at
the instantaneous intensity I(t), we must now re-define the criteria for the

correlation function in terms of the number of photons that are observed,

(1 (t)na(t + 7))

@) (r) —
97) = T @ e ¥ 7))

(3.2)

where n;(t) is the number of counts at detector i at time .

As coherent light has constant power, the mean number of photons per
unit time must also be constant (with a completely random arrival time) and
thus the time between detector clicks will follow a Poissonian distribution.
With these constant probabilities the correlation function will remain flat at
g(z)(r) = 1. A single quantum emitter will show a very different behaviour.

Photons are produced by a transition from an excited state to a ground state
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with only one photon being emitted per transition. Once the emitter is in
the ground state it must be re-pumped back to the excited state, and during
this time there cannot be another photon emitted - the intensity must be
identically zero and so g(®(0) = 0. This therefore is the signal which we are
looking for, a dip in the number of correlations about 7 = 0, and the signifier

of a perfect single photon source is that the dip reaches g(2)(0) =0 (Figure

3.7b).
2},
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(a) Photon arrival times (b) ¢ (7) correlation function

Figure 3.7: Autocorrelation of an optical field: the correlation statistics of a stream
of photons (a) at a time interval 7 are shown (b) for coherent (thick
dash), thermal (thin dash) and anti-bunched single photon (solid) sources.
Reproduced with permission from [136].

3.3.3 Intermittent Sources

The ¢ (1) correlation function relies on having good knowledge of the
expected click probability at each moment in time, P,>1(t), in order to
normalize the function. With a stable continuous source this is trivial, one
simply observes the average count rate over a long period, however in our
case it is rather more complicated.

Imagine the correlation function from a continuous anti-bunched source (for
example a pumped parametric down conversion crystal), () () will take the

form of the solid line shown in Figure 3.7b. Now imagine that the grad student
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running the experiment walks off for a cup of coffee and whilst he is away
the laser pumping the crystal drifts out of lock and slowly stops producing
photons. When looking at all the correlations for the first photon, there will
be a constant stream of photons causing correlations until the start of the
coffee break, at this point the photon production efficiency decreases causing
the correlation function for 7 > 74etive t0 decrease g(2) (1) — 0 until it stops
altogether, ¢(® (1) = 0 (Figure 3.8). This reduction in the photon production
probability will also cause the random correlations to have g(® (1) > 1 . This
is an extreme example of what happens in our experiment as an atom passes
through the cavity - we simply have a different timescale. Whilst an atom is
perfectly positioned in the centre of the cavity mode we will observe photons,
as the atom moves out of the cavity mode the atom-cavity coupling g, and
hence the photon production efficiency, decreases (the grad student gets lazy

and wanders off for coffee).

[

g@(r)

Time, 7

Figure 3.8: Correlation function from an intermittent source: at late times the
emission probability reduces, correlations therefore cannot happen and
g (1) — 0. If normalised by the mean emission probability over all
times (i.e. including when it’s not working) the random correlations will
be above 1.

It is possible, with perfect knowledge of the system, to correctly normalize
the correlation function to take this change in P,>;(t) into account [137].
However it is initially simpler not to use the second order correlation function
¢ (7) at all and instead simply look at the raw number of correlations at a

particular time delay .
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3.3.4 Hanbury Brown Twiss Interferometer

Although it is theoretically possible for an autocorrelation measurement to
be performed with a single detector, in practice, due to the dead times of
SPCMs and their inability to resolve the number of incident photons, an
experimental arrangement as shown in Figure 3.9 is required. The output of
the atom-cavity system is split via a 50/50 beam-splitter and the two output
ports are each interrogated by a SPCM. If multiple photons are emitted, as
the beam-splitter will randomly split the photons between the two detectors,
it is possible for both detectors to click simultaneously. If just a single photon
is incident, as it is an indivisible particle one - and only one - of the two

detectors will click.

)

50/50

Figure 3.9: Hanbury Brown Twiss interferometer: due to detector noise and dead
times, the autocorrelation of the photon system is found using the cross
correlation of two detectors. Two SPCMs are used on the output of a
50/50 fibre based beam-splitter, with low count rates this ensures that
at least one detector is always ‘on’.

A plot of the correlations measured between the two detectors is shown in
Figure 3.10: this includes correlation contributions from both the photons and
from the dark noise of the detectors (1kHz). The masking of detector counts
which occur during the incoherent re-pump step (Section 3.2) gives rise to the
periodicity of the background which would otherwise be at a constant level
(if desired this can be recovered by adding a Poissonian background with the

observed dark-count rate to these masked regions). The g(® () function itself
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exhibits the periodicity that one would expect for a pulsed source, with peaks
separated by the repetition period. It can clearly be seen that the expected
peak at 7 = 0 is missing and the number of correlations fall to the background
level. We may therefore conclude that the correlations at 7 = 0 are caused by
noise, and thus that there is only one photon produced per atom per pulse.
The envelope of the correlations is a consequence of the limited atom-cavity
interaction time, if the atom-cavity system produces a photon at a time
t there is still a small probability of other photons being produced up to
t 4+ 100 us later. After this time however there are no correlations above
the background as the atom has left the cavity mode. The background is

considered more fully in Section 3.4.1.
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Figure 3.10: Second order correlation function of the detected photons: the missing
central peak implies a single photon source, and the envelope of peaks
shows that the atom remains in the cavity mode for Tj,terqct = 100 ps.
The dark-count background level is shaded yellow. The STIRAP repe-
tition rate has been reduced to 400 kHz so that the individual peaks
are visible.
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3.4 CONDITIONING

As we only load atoms into the cavity probabilistically, to ensure that we
never observe two atoms in the cavity simultaneously we must keep the
overall probability of having any atom in the cavity very low. Most of the
time therefore the cavity will be empty, by looking at the detector clicks from
these times we simply increase our noise levels from background and dark
counts unnecessarily. Even when an atom is in the cavity it is far more likely
to be in the wings of the mode, and thus poorly coupled, than located in an
anti-node at the cavity centre. What we would like therefore is a method of
sorting through our data and only using those time intervals where an atom

is present and at the centre of the cavity mode.
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Figure 3.11: Time-binned photon arrival times from a single MOT launch: the
number of photons detected per 100 us time-bin can be used to observe
atoms within the cavity mode. During certain bins (red) there is a sharp
increase in the number of detected photons (~ 10 per 100 STIRAP
pulses) compared with the background. It is during these times that
an atom is present in the cavity and the experiment is deemed to be
‘working’.

To do this we look at the arrival times of the photons within the 20 ms
period that it takes for the whole atom cloud to traverse the cavity. A
time-binned trace of these arrival times for a single MOT launch is shown in
Figure 3.11, this is similar to Figure 3.3b which is the combination of 2000

such traces. The most striking part of this trace is the two time-bins at
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~ 8,12 ms, (red), during which the count rate is significantly higher than at
any other time. This is exactly what we would expect to see from an atom
traversing the cavity mode, i.e. a string of photons being produced. Once
we have identified those times when an atom is present within the cavity
(this is arbitrarily set as the data from those 100 us time intervals with more
than a certain number of counts e.g. £ > 1,2,3...) the data can be further
examined by ‘zooming in’ and then plotting another, finer (25 us time-bin)

histogram (Figure 3.12).
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Figure 3.12: Time-binned photon arrival times from a single atom transit: the
number of photons detected per 25 us time-bin can be used to observe
atoms transitting the cavity mode.

The Gaussian distribution of clicks in this ‘finer’ histogram shows the
atom’s trajectory through the cavity. When the atom is far from the cavity
centre, g and the emission probability P.,,;; are small and hence there are
few counts; as the atom moves to the centre of the cavity g and P, reach
their maximal values with a corresponding increase in counts, and finally as
the atom moves away from the cavity mode the number of counts decreases.
A Gaussian curve can now be fitted to this histogram; the time about which
the curve is centred is used as the time when an atom is well-coupled to the

cavity mode and its width tells us the atom’s transit time.
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3.4.1 Conditioned Correlation Functions

By post-selecting only those times during which an atom was present, this
conditioning allows us to significantly improve our Hanbury Brown Twiss
interferometry. Figure 3.13a shows a close-up view of the ¢(? (1) correlation
function centred around 7 = 0. The presence of clicks at 7 = 0 means
that something is wrong: either dark counts and an external background
or more worryingly, another atom is in the cavity. After the data has been
conditioned on the presence of an atom the ¢(®)(7) correlation function is
much cleaner, with no central counts at all. We can therefore conclude that
these correlations were erroneously introduced from random coincidences of

the dark noise.
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Figure 3.13: Second order correlation function of conditioned photons: the correla-
tions around 7 = 0 are shown without conditioning on the presence of
an atom and conditioned photon when £ > 3 counts per 100 us. The
correlation functions are normalised to the total number of counts,
assuming a static source - hence the change in height (Section 3.3.3).

This conditioning method also allows us to reconstruct what the ¢ (r)
correlation function would look like if we had a stationary atom within the
cavity [137]. Once the times during which an atom is present in the cavity
have been identified, the relevant detector clicks can be concatenated to form

a new data set consisting solely of counts occurring when an atom is present
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in the cavity. This removes the interaction-time limited envelope of g(® (1)
and allows us to correctly normalise the correlation function. This simulation
of a static source (Figure 3.14) emphasises the sub-poissonian statistics of

the source with a value of ¢®)(0) = 0.06.
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Figure 3.14: Conditioning on the presence of atoms: to simulate the photon statistics
of a static source the detector clicks from times when an atom is present
in the cavity are concatenated to form a new data set. The g(*)(7)
correlation function of this new data is shown over a 200 us range with
one datum per STIRAP pulse. The missing central peak has a visibility
of > 94%.

3.5 PHOTON PRODUCTION EFFICIENCY

3.5.1 Detection Efficiency

The dynamic nature of the photon pistol means that we must do some data

conditioning to determine the true efficiency of the source. If we simply take

the number of photons detected and divide by the number of STIRAP pulses
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applied to the system we get a value of 0.026 %, an obviously very low number
as most of the time the cavity sits empty and nothing happens. This can
be clearly seen in Figure 3.11 where only two atoms enter the cavity during
the entire 20 ms interaction time. As described in Section 3.3 we define the
experiment to be ‘working’ when there is an atom in the cavity, therefore to
calculate the efficiency of the ‘working’ source we must condition our analysis
on actually having an atom in the cavity.

This conditioning is performed in exactly the same manner as described
in Section 3.4, looking for times when there was a spike in the count rate
and fitting a Gaussian to the distribution of these counts. We then take the
central time of this Gaussian fit as the moment when the atom was centred
in the cavity mode (Figure 3.12) and sum the number of photons detected in
the surrounding pulses. Dividing this by the total number of conditioning
events N gives a histogram of the probability of the detector firing with
respect to the atom’s position within the cavity, Figure 3.15. This can be

expressed as,

1 N
Paet(At) NZ n(At) — ), (3.3)

where At is time from the centre of the Gaussian fit and 7 is the probability
of detecting a background count within this time window.

This method of calculating the efficiency is obviously self-referential - we
use periods of time in which there is a high photon production efficiency to
condition our data and then claim ‘we have a high production efficiency’. In
order to limit this problem we must ensure that we condition the data as
little as possible. The data shown in Table 3.1 have been conditioned with
the requirements that we have observed a single count, two counts, three

counts and four counts per 100 us.
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Figure 3.15: Conditioned emission probability: the emission probability is plotted
as a function of the atom’s transit across the cavity mode with the
conditioning criteria that there were more than 1(a), 2(b), 3(c), and
4(d) counts per 100 us.

After a marked increase from the no conditioning and ‘single count’ case it
is surprising how little the more stringent conditioning requirements change
the maximum efficiency. In fact the extra counts seem to be due either to
those atoms in the wings of the velocity distribution moving more slowly
through the cavity mode, or the atoms emitting photons when poorly coupled
rather than an increase in the maximum emission probability. This implies
that the photon source must be operating at very high efficiencies: if the
emission probability were low, we would expect that the conditioning would
filter out those unlikely cases where a photon was emitted with every pulse,

resulting in an apparent increase in maximum efficiency.
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CONDITIONING - 1 2 3 4
CLICKS (PER 100 pus)

CLICK PROBABILITY 0.03 120+£0.5 17.9+£0.7 18+1 18+2
(%)

DISTRIBUTION - 11.54+06 11.7+06 14+1 1843
WIDTH (us)

Table 3.1: Peak emission probability and distribution width for the conditioning
shown in Figure 3.15. These correspond to the emission probability at

time ¢t = 0.
It should be noted that the much reduced atom-cavity interaction time
compared with that shown in Figure 3.10 (15 us rather than 100 us) is delib-
erate. It is much easier to align the atomic fountain for daily use when the

atoms are moving faster as angular misalignments of the fountain have less

of an effect. This is easily reversed when a long interaction time is required.

3.5.2  Emaission Probability

The probabilities that we have been discussing so far have all been proba-
bilities of a photon detection. Whilst these are the probabilities which limit
the use of a particular photon source on an experimental level they are also
greatly influenced by the technical and experimental details rather than
the actual physics of the system in question. The number that we actually
care about is the probability of the atom emitting a photon into the cavity
mode; this is determined by the dynamics of the system and is the ultimate
limit of its usefulness. The ability of the experimentalist to couple light into
a fiber, or the amount of money one has to spend on APDs with a high
Quantum Efficiency (Q.E.) is important but is secondary to the physics of

the atom-cavity system.
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To calculate the efficiency of the photon production we must propagate
backwards from our measured click efficiency taking into account all of the
losses that exist until we can estimate the efficiency of the STIRAP process
itself. The two APDs used have Q.E.s of 77.2 +£ 0.1 % and 60.8 £ 0.1%
respectively. As photons are randomly sent to one or the other of these
detectors by the 50/50 beam-splitter we take the mean of the detectors’
Q.E.s giving a Q.E. of nger = 69.0 + 0.14 %. To measure the losses in the
optical path we use the cavity locking beam; when the cavity is locked on
resonance this beam passes through the cavity, and, as it is defined by the
cavity mode, follows the same path as any emitted photons. We can measure
the beam power after the beam has passed through the vacuum chamber
windows and again just before the APDs to determine the optical losses.
To find the approximate losses as the beam passes through the vacuum
chamber viewports we use another beam, displaced slightly from the cavity,
and measure the input and output powers. We then assume that the losses
occur equally on the input and output viewports and so take half this value.

The combined optics’ losses are very variable: fluctuations in the lab
temperature and acoustic vibrations which change the coupling into - and
the losses in - the optical fibres, as well as dust on the optical surfaces, all
conspire such that the optics’ losses change daily. We can however put a
reasonable estimate of the losses of a clean system as nop = 65 + 2.5 %. If
this loss is taken into consideration (Equation 3.4) photons are emitted from

the cavity with an efficiency of pemir = 40 &5 %.

Pdet = Mdet * Topt * Pemit - (34)

The final estimation of the photon production efficiency is a little more
tenuous but it still deserves to be included for the same reason as before

- it applies only to the mechanics of the particular experiment in question
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(and the mistakes that we made during construction) not to the physics of
the atom-cavity system as a whole. As was mentioned in Section 2.4.1 the
cavity mirrors were damaged during the vacuum bakeout and the mirror
losses increased dramatically from 2ppm to 18ppm.

These extra losses increase the cavity linewidth x and reduce the effective
asymmetry of the cavity. Figure 2.2a shows that the outcoupling that we
could achieve with the designed specification of our mirrors was upwards of
96 %, i.e. for all practical purposes we would collect every photon that was
produced in the cavity. The extra mirror losses reduced the outcoupling to
Nean = D1 £ 3% , taking this extra loss into account (Equation 3.5) gives an

emission probability into the cavity mode of pegy = 79 =9 %

DPdet = Tdet * Mopt * Mcav * Pcav- (3'5)

This must be compared to the theoretical maximum emission probability

Praz = 2C/(2C + 1) of 86% [138].

3.5.3 Photon Production Rates

To ensure that there is only ever a single atom in the cavity at any time
we deliberately launched very dilute MOT clouds towards the cavity. This
means that we observe a very low count rate — typically on the order of 10-30
photon detections per MOT launch, as can be seen in Figure3.11. Due to
this low count rate it was found that we had to launch 4000 MOT clouds to
build up sufficient photon statistics — with a cycle time of one launch every
300 ms Figure 3.10 took about 20 minutes to obtain.

It should however be noted that this photon production rate is in no way

optimised. As this experiment aims to demonstrate the principles of the
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photon source — and as a large scale quantum network is unlikely to be
constructed without a permanently trapped atom — optimising the photon
production rate was not a primary consideration in either its design or

operation.

3.6 HONG-OU-MANDEL INTERFEROMETRY

Creating single photons allows us to perform single qubit operations, however
for a truly useful quantum device we require multi-qubit operations, i.e.
we need to be able to encode information on various separate qubits and
have them talk to one another. For this we require the photons to be

indistinguishable so that it is possible for interference to occur between them.

3.6.1 Theory

In this interferometer two photons are overlapped at a beam-splitter and
the correlations between the two detectors at the output ports C and D are
observed. This gives rise to a peculiarly quantum effect - due to their bosonic
character, the two photons, if they are indistinguishable, will coalesce and
leave the beam-splitter through the same output port and no correlations
will be observed. If there exists any distinguishability between the two
photons, such as an random instantaneous jitter or a systematic effect such
as polarisation, some correlations will still be observed. The number and
distributions of these correlations can be used to characterise the mutual
properties of the two interfering photons.

The effects of this interference can be modelled by considering the creation

operators for single photons in the relevant modes. The two input ports A
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Figure 3.16: Two photon interference: Two photons A and B overlap on a beam-
splitter and if indistinguishable will leave through the same output port.
As the photons are longer than the detector resolution the photons’
shape must be considered.

and B can be transformed into a combination of the two output ports C and

D via the relations,

. 1. .
G/TA = %(CLTC + CLTD),

] (3.6)
il = %(&Tc —aly),

where &} is the creation operator for a photon in mode X. The difference in
sign between these two equations is due to the phase change upon reflection
that is imposed on the photon. If we now consider two photons simultaneously

incident on the beam-splitter in the vacuum-state we have,
il al, [ Vac) (3.7)
A4p : :
Using the relations shown in 3.6 this becomes,

alyaj|Vac) = - (af; + ap)(ak — ap)[Vac), (3.8)
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which can be expanded to give

A

alah|Vac) = = (alal, — ahal, + alal, + alal) [ Vac). (3.9)

As dTD and &TC are orthogonal modes they commute reducing the expression

to,

1
alaly[Vac) = =(alal, + al,al,)|Vac) (3.10)

1

ﬂ(\2070D> +10¢,2p)). (3.11)

The photons have bunched and have exited the beam-splitter through the
same output port. This is the interference that we would like to observe.

Most single photon experiments performed to date probe this indistin-
guishability by varying the arrival time of the photons onto the beam-splitter.
In these sources the photons are very short in time - typically in the picosec-
ond to femtosecond regime - and can be considered as point particles. If the
number of correlations between the output ports C and D is monitored when
there is a large difference in the photon arrival times (as interference can
only occur if the photons interact), one will observe correlations that would
be expected by randomly distributing the photons between the two ports. As
the difference in arrival times is reduced the photons begin to interact and
bunch, reducing the number of correlations. This reaches a minimum when
the photons arrive at the same time causing the famous Hong-Ou-Mandel
(HOM) dip [139] (Figure 3.17).

The indistinguishability of the two photons is defined as the depth of this
dip, i.e. if the number of correlations decreases to half of the non-interacting
value we declare the two photon interference visibility to be 50 %. As this
effect only occurs for indistinguishable photons, if we can force the photons

to become distinguishable - whilst still arriving at the same time - we can
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(a) Arrival of photons at a beam-splitter (b) Arrival time HOM Dip

Figure 3.17: Non time-resolved HOM: In most single photon sources the photons
cannot be resolved and must be considered as point particles (a). The
number of correlations between the beam-splitter output ports when
the relative arrival time at the beam-splitter is varied, At, is shown for
perpendicular (grey) and parallel (red) polarized photons, (b).

measure the difference in the number of correlations without having to alter
the photons’ arrival times. This can be performed by changing the polarization
of one of the photons such that the two photons are perpendicular to one

another. The two photon interference visibility can now be described by,

o(t))le=0

Vopr, =1 — .
2wl d(t) Ll=0

(3.12)

where ¢(t) is the number of correlations observed as function of photon
arrival times for parallel ||, and perpendicular L polarizations.

The photons produced in Section 3.2 are much longer than those usually
seen in single photon experiments; they can be up to several microseconds
long which corresponds to hundreds of metres. With these photons we only
consider the situation when both photons arrive at the beam-splitter at the
same time. Unlike with point particles, the photons’ length can be comparable
with the coherence time so it is possible to obtain the value of this coherence

time along with the two-photon visibility Vs, from a single measurement.
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This is because the HOM interference described above had a photon
length that was less than the detector resolution 7}, < tg, i.e. one could
not temporally resolve the photon. In our time-resolved case however the
photons are very much longer than the detector resolution, ~ 1 us >> 50ps,
and we have another degree of freedom to take into account - the photons’

shape (Figure?7).

Correlations

Detection Time Difference (ps)

(a) Detection of photons at a beam-splitter (b) Detection time HOM Dip

Figure 3.18: Time-resolved HOM: As the photons are very long compared with the
detector resolution they can no longer be considered point particles.
The photons arrive at the beam-splitter at the same time however they
can be detected in different parts of the envelope. The difference in
time between these detections 7 is shown for perpendicularly (grey)
and parallel (red) polarized photons

As the photons are now taken to be extended objects, we will observe a
time dependence in the number of correlations even when the photons arrive
at the same time. If the photons are Gaussian in shape (with a wavepacket
duration defined by the full-width at 1/e maximum of ¢ = T3) then for
perpendicularly polarised photons the time dependent interference will be

defined by the convolution of the two arriving photons,

1 —T
d(r), = 7= }TE (3.13)
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and parallel polarised photons will have the form,

1 -,
)y = gome M LT, (3.14)

®(7) is the number of correlations at a particular detection time 7, the
coherence time Ty = 2/dw depends of the jitter in the photons’ frequency
dw [115]. This time dependence of the two photons’ interference is covered
in more detail in Section5.1.1. The two photon visibility of time resolved
photons can be described in the same way as Equation 3.12, one simply

integrates over the detector time delay to obtain,

f‘I’(T)HdT

Voo, =1 — .
2h Jo(r) dr

(3.15)

3.6.2  Ezxperimental Demonstration

In order to test the indistinguishability of photons that are produced by the
same source we must interfere two sucessive photons with one another. As
the photons are emitted with a repetition rate of 1 MHz we have to catch a
photon and then delay it by 1 us to overlap it with a photon emitted in a
subsequent pulse. This is done with optical paths of different lengths, one long,
one short, such that the length difference between them is Ad = (%) “trep,
where n is the refractive index of the material through which the photon is
travelling. In free space with n = 1 (a reasonable approximation for light in
air), the path length difference must be Ad = 300 m, which is not an easy
proposition. To achieve these long delay lines we therefore use a long 200 m
single mode, polarization maintaining optical fibre (Nufern - 780 PM)

A simplified outline of the experimental arrangement is shown in Fig-

ure 3.19. The photon stream is split equally down the upper (long) and lower
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(short) beam paths by a polarizing beam-splitter (PBS), and the polarization
of the photons is aligned to the birefringent axis of the polarization main-
taining fibre using zero-order half-wave plates (HWP) and adjustable fibre
couplers (Schéfter and Kirchhoff 60FC-).

Figure 3.19: HOM interferometer: A 200 m long fibre is used to delay one photon
such that it can be overlapped with the subsequently emitted one. A
fibre-based beam-splitter and polarization optics are used to ensure
near-perfect spatial and polarization overlap.

In order to achieve a good interference pattern between two photons their
spatial, temporal and polarization modes must overlap perfectly. Spatial
overlap is provided by the single mode fibres that the photons propagate
in, which ensures overlap of the photon wavepackets both at the fibre-beam-
splitter (Newport F-CPL-2x2-OPT-55-21-55) and at the detectors. Any
deviation of the polarization from parallel will lead to a washing-out of the
interference dip, so we must take a great deal of care to ensure this cannot
occur. Polarization overlap is ensured using the two polarising beam-splitters
shown in Figure 3.19.

A polarization maintaining fibre, although designed to allow propagation
of light without changing the polarization, requires careful alignment - any
deviation of the input polarization from the birefringent axis will result
in polarization drifts over time. Stresses applied to the fibre, for example
through temperature changes or air currents, will increase the rate at which

this happens. The effects of this can be removed by adding a polarization
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filter after the fibre delay line. This consists of a fibre polarization controller
and a 10,000:1 polarising beam-splitter placed in the photons’ path. The
filter ensures that the photons are always correctly polarized no matter
what polarization rotations occur in the delay line as any photons that
are incorrectly polarized will simply be reflected out of the interferometer
onto a beam dump. Polarization rotations therefore simply reduce the count
rate and thus increase the measurement time, rather than washing out the
interference. The settings of the fibre polarizer are optimized by maximising
the transmission of the cavity locking beam through the filtering PBS. Once
this is done measurements can be taken for approximately 20 minutes before

the polarization must be checked and optimized again.
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Figure 3.20: Time-binned photon arrival times showing the overlap of the photons:
travelling down the long and short arm of the interferometer: The
repetition rate of the photon production must exactly match the delay
imposed by the interferometer in order to perfectly overlap the photons.
To illustrate this we have here deliberately imposed a timing mismatch
to cause an arrival time difference of 20ns between the un-delayed
photon (green) and the delayed photon (blue).

Temporal overlap, i.e. getting two photons onto the beam-splitter simulta-
neously, is achieved by delaying the emission time of the second photon to
the exact time that it takes for the first photon to traverse the fibre delay-line.
This delay is easily monitored by blocking the two optical paths (long and

short) in turn and then looking at the arrival times of the photons - if they
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are the same then At = 0 and a maximal interference should be observed.
This is shown in Figure 3.20 - the green line shows the photons which have
gone directly to the detectors and the blue line shows the photons which
have passed down the delay line. By looking at the sharp increase in count
rate at the onset of the re-pump pulse it is clear that the delayed photons
arrive at the detectors 20 ns after the photons which take the shorter path.
Using this information the emission time of the photons can be changed to
achieve temporal overlap. Care must be taken to ensure that no external
timing delays are introduced between the detectors and the TDC by cables
of different lengths, or by the attenuators required on the detector output,
as these can cause a systematic error in the timings ([140], please say it’s

isn’t, edit in corrections: oh well, it was nice while it lasted!).

3.6.3 Results

The cross-correlation between the two detectors is shown in Figure 3.21. With
perpendicular polarization the photons do not interfere and a correlation
function given by the convolution of the shapes of the two photons is observed,
whereas with parallel polarization the photons interfere and the number of
correlations is greatly reduced. As the atom loading is a stochastic process the
observed correlations are normalized by comparing the number of correlations
in the first ¢ (7) peak. Although it should also be possible to observe these
‘bunched’ photons directly by plotting the autocorrelation of the individual
detectors, the after-pulsing of the SPCMs (Section 2.5.3) prevents this.
The indistinguishability of the two photons, and hence their suitability
for use in quantum interference experiments, is defined by the two-photon

visibility (Equation 3.15). This is the fractional change in the total number
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Figure 3.21: Two photon interference: Cross correlation function of the detector time
delay 7 is shown for perpendicular polarized photons (solid grey line)
and parallel polarized photons (solid red line), along with the relevant
theoretical fit (shaded). The two photon visibility is Vap, = 0.87 and
the coherence time is To = 0.48 4+ 0.06 us.

of correlations observed in the perpendicular and parallel cases and is equal
to Vopp, = 0.87 £0.05.

The width of the central minimum in the parallel photon case is caused
by the two photon coherence time (HW1/eM) as Tb = 0.48 £ 0.06 us. This
coherence time can either arise from a frequency jitter of the photons’ carrier
frequency of dw = 27 - (0.65 = 0.09) MHz or a jitter in the photon emission
time. The jitter in the photon emission time would have to be about 1 us to
cause this effect and with the results shown in Section 4.5 this is unlikely. As
the transform-limited bandwidth of these photons is 300 kHz, the remaining
inhomogeneous broadening must be due to external sources, such as stray
magnetic fields, the frequency stability of the STIRAP laser (~ 300kHz ) or

drift of the cavity length.

(0]
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In the preceding discussion we have assumed that the photons exist as pure
states and so the HOM visibility is solely due to photon indistinguishability.
This assumption is justified by the post-selection of photons from well-coupled
atoms and polarisation filtering of any fibre-induced rotations, as well as by
the singleness of the emitted photons (Figure 3.10). However it should be
noted that a lack of visibility can be caused by multi-emission events as well

as impurity of the emitted photons [141].

3.7 CONCLUSION

We have demonstrated a cavity-based single-photon source. Emission rates
of 1 MHz can be achieved and the lack of disturbances caused by trapping
fields means the source exhibits peak photon production efficiency into the
cavity of nearly 80 %. Despite the lack of a trap individual atoms can remain
inside the cavity mode for up to 100 us which provides sufficient time for
potential QIP operations both with the emitted photons and the atoms
themselves. The photons were characterized using Hanbury Brown Twiss
and Hong Ou Mandel interferometry. They showed strong anti-bunching
with a HBT visibility of Vipr > 94 %, which is suspected to be limited by
background noise, and a high indistinguishability with a HOM visibility of
Voph, = 87 %.

Recent results from other C-QED sources based on neutral atoms in dipole
traps give an indistinguishability similar to that observed here Vap, = 85 %
[118], but with a repetition rate of fy, = 0.1 MHz and a reduced efficiency of
Pepit = 7—9 % [106]; a source has been produced with high efficiency Pep,ir =
69 % and repetition rate frp, = 0.1 MHz, however its indistinguishability was

not tested [104]. Photons from trapped ions in cavities have shown either
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high efficiencies, Peyit = 88 % with low repetition rates, fr, = 0.002 MHz
[142], or the inverse Peit = 8%, frep = 0.1 MHz [107].

Currently the dominant photon source used in single photon experiments
is a heralded photon pair produced by parametric down-conversion. These
sources have shown excellent indistinguishability, V5, = 84/94 %, and single-
ness, Vgpr = 99 %, however they suffer in emission probability. The emission
of a photon in these sources is a stochastic process, so as with the atom
loading in our experiment, the emission probability of a single photon must
be kept low so that the probability of emitting more than one photon is also
minimised. Although this is counteracted by the high heralding efficiencies,
Preraiq = 85/44 %, the probability of emitting a photon per attempt is only
P =0.001 [141, 143].

The properties of the demonstrated source therefore compare very well
both with similar C-QED sources and with single photons from heralded
pair sources. Although the photon production mechanism from trapped
neutral atom and ion sources is identical - a vacuum Raman transition -
the convenience of a stationary source has a price to pay in the efficiency
and indistinguishability of the photons; as we avoid this penalty we can
achieve near deterministic operation, conditioned on the presence of an atom.
Although the efficiency of heralded sources is comparable to that demon-
strated here, the significantly lower emission probability per attempt causes
problems when multiple successive photons are required as the probability of
emitting n photons scales as P™. It is again the near deterministic emission
which circumvents the problem for the demonstrated source.

We should note that to be truly deterministic a source must be able to
produce, with a probability of 1, a single photon with perfectly defined
frequency, spatio-temporal mode, polarisation and phase. Sadly such a device

is impossible, it is the Platonic ideal of a photon source.
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For our atom-cavity source the primary (although not only) reason for
this lack of determinism is the practical considerations of placing an atom
within the cavity. Whilst an atom is perfectly located at the centre of the
cavity mode the system should act as a near deterministic source, however
the stochastic atom loading limits the "up-time’ of the experiment in which
an atom is in the cavity. Within the confines of an academic experiment
designed to prove the versatility of a photon source this is an acceptable
limitation, though this problem must be solved to achieve truly deterministic

operation.



Part 11

MAKING THESE PHOTONS DO SLIGHTLY ODD
THINGS

In the preceding chapters we presented the construction and
characterisation of a deterministic atom-cavity photon source.
Now that we have this large collection of optics and electronics
in place we would like to study the control which can be exerted
over these photons in slightly more depth. To this end we will
demonstrate control over the photons’ amplitude, frequency and

phase.






CONTROLLING A PHOTON’S AMPLITUDE

In this chapter control over the amplitude of the photon’s temporal mode,
i.e. its ‘shape’ is implemented. In previous work on trapped ions [107], it has
been shown that the amplitude of the single photons produced by a C-QED
source can be replicated theoretically. We now show that it is possible to a
priori define an arbitrary photon shape and then produce it.

An outline of the method used to calculate the required STIRAP pulse
for an arbitrary photon shape is shown in Section4.1. In Section4.2 the
photon production is simulated using a realistic system; it is shown that
the three level system that this method relies upon provides a reasonable
approximation for the purposes of this experiment. The variability in the
emitted photon shapes which is introduced by the imprecise loading of an
atom into the cavity is discussed in Section 4.3 and removed in Section 4.4.

Finally single photons with a variety of shapes are produced in Section 4.5.

4.1 CALCULATING A STIRAP PULSE

We will begin by simplifying the problem to its fundamentals. We have an
atom interacting with some light and this atom should produce a photon; we
would like to calculate the dynamics of this process so that we can perform it
in the lab. The atom (to a reasonable first approximation) can exist in three

levels: the initial state, an excited state through which the Raman transition
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Figure 4.1: The STIRAP process occurs between three levels consisting of two atomic
ground states u and g and the excited state x and the cavity photon
population n. There are two decay processes: the free-space atomic decay
~ and the cavity decay k.

occurs, and the final state to which the atom is pumped. We do not care
where these levels come from we just note that they exist.

The atom experiences a coupling to the vacuum field of the cavity. Whilst
this could in principle be a dynamic coupling we assume that it is not; that
the atom is at rest inside the cavity, and the cavity itself is stable with
no frequency drifts. The other coupling that the atom feels is an electric
dipole interaction with a laser. Unlike the interaction with the cavity, we
have complete control over this coupling as the laser beam can be modulated
in phase, frequency and amplitude by an AOM at timescales much shorter
than the photon length. In this chapter however we will confine ourselves
to modulation of the amplitude. Finally we consider the system’s two decay
processes: a spontaneous decay of the atoms’ excited state and the decay of

the photon population out of the cavity.



4.1 CALCULATING A STIRAP PULSE

4.1.1 A Simple Three Level System

To formalize this, consider a three level system, |e), |z), |g) shown in Figure4.1.

The laser pulse (which has a time dependent Rabi frequency €(t)) drives
the transition |e) <+ |z), the constant vacuum field coupling g is resonant
with |z) <> |g), and the direct |e) <> |g) transition is forbidden. In practice
this will be formed by using the hyperfine levels F = 2 and F' = 1 of the
528, /2 manifold in 87Rb for the ground states and the F’ = 1 state in the
52P4 /2 manifold for the excited state, however any similar 3-level system
would suffice. The full Hilbert space of the system is spanned by including
the photon population of the cavity which can take any value from 0 to co.

We curtail the number of possible states with limits imposed by energy
conservation: the photon population is constrained to the two Fock states
|ny = {|0),]1)} (assuming we initially populate |e,0)), and the |e,1) and
|z, 1) states cannot exist. As the cavity has a finite lifetime it is obvious
that in practice |g, 1) will decay to |g,0), i.e. the photon will leak out of the
cavity mirrors. This extra state can be ‘simplified away’ by assuming that
the system works in only one direction - from |g, 1) — |g,0) and that x~! is
much shorter than the photon length T,. In this case |g,0) and hence the
photon wave-packet 1y will exactly follow |g, 1). Both this cavity decay and
the spontaneous decay of the excited state v are included in the system’s
Hamiltonian phenomenologically by the use of imaginary decay terms along
the diagonal. As a result of these simplifications the Hilbert space of the

system can be fully spanned by the the states |e, 0}, |z, 0), |g, 1).
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The atom-cavity system is described by the Schrédinger Equation,

0 Q) o0
'hd t) = f ; t 4.1
? ac()—_g Q(t) 2iy 29 c(t), (4.1)
0 2g 2k

where c(t) = [ce(t),cx(t),cg(t)]T are the probability amplitudes for the

states [le, 0)[x, 0)|g, 1)]-

4.1.2  An Analytic Solution

Now that we have defined the Hamiltonian, calculating the required Rabi
frequency to generate a photon of a shape g is relatively straightforward
(using the method described in [138]). We start by writing out the set of

coupled equations described by Equation 4.1

iet) = 3 90 e.(0) 4.2
e (t) = % Q) o) + iy ca(t) + g ey 8), (4.3)
iCgy(t) = gcg(t) +ircy(t), (4.4)

which, from Equation4.2 gives an expression for the Rabi frequency,

(4.5)

As k71 < Typ, c4(t) will be directly proportional to the shape of the
photon that we are trying to produce; we can write the amplitude of the

state |g, 1) at all times as,

cylt) = LI (1.6
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The factor of |/n corresponds to the efficiency of the photon production
process. Once we have found c4(t), we can calculate c,(t) by re-arranging

Equation 4.4,
..
Cc, = —; [€q(t) + Key(2)]. (4.7)

This takes us halfway to being able to analytically calculate the required
driving pulse: we now need to calculate c.(t). As we cannot obtain a clear
expression for c.(¢) from the Hamiltonian we must take a different approach
using the diagonal elements of the density matrix, i.e. the population.

The population in this system must always equal unity. As there is only
ever one excitation, all that happens during any system dynamics is that
this excitation is shuffled around the various possible levels, or perhaps lost
via an irreversible decay. The population in the state pe. = c.(t)ci(¢) is
therefore equal to unity minus the population in the other two levels, minus

the amount of excitation lost via the decay processes.

Pee(t) =1 = pra(t) — pag(t) — /0 Lar [29pza(t’) + 26pgq()] - (4.8)

To obtain an expression for c.(¢) we note that the photon shape vy is real, and
s0 is ¢4(t). Due to the lack of any detunings in the Hamiltonian (Equation 4.1)
one can verify that c,(¢) must be purely imaginary and c.(¢) purely real,

and therefore c¢(t) = \/pee, leaving us with

L al
M = =2 T eV (*9)

This algorithm is a completely analytic method for finding the shape of
the driving pulse required to produce a photon of shape g for any given set

of parameters {g, k,7y,n}.
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Figure 4.2: Shaped STIRAP Pulses: The left-hand figures show desired single photon
wave functions and the corresponding right-hand plots show the required
Rabi frequency of the STIRAP driving pulse. The driving pulses have
been calculated for three efficiencies n = (0.25,0.6,0.86) with (g, x,v) =
27 - (15,12,3) MHz and T = 0.8 us.

We can now apply this algorithm to calculate the STIRAP pulse required to
produce photons which might be of use for QIP, for example a time-symmetric
photon with a sine-squared wave-packet vy = 1/% sin?(mt/T), or a ‘square’
wave-packet g = /g% [sin?(2nt/T) + 1.19sin”(7t/T)] (Figure4.2). These
pulse shapes have been calculated using the parameters of this experiment
for a range of efficiencies. At low efficiencies it can be seen that the STIRAP
pulse closely follows the desired photon shape, however as the efficiency of the

process increases the system must be driven harder to maintain the required

population transfer. A singularity is eventually reached when the initial state
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pee(t) is completely depleted, which for long photons (T, > =1, ¢g7!) is

independent of the photon’s shape, n = 2C/(2C + 1).

4.2 NUMERICAL SIMULATION OF RUBIDIUM

In order to calculate the shape of the STIRAP pulse with which to drive
the atom, we had to assume that the atom-cavity system was well described
by a three level system. In our experiment however, the situation is not so
simple. Rubidium has an excited state manifold with four possible hyperfine
levels, this further decomposes into twenty m g-states, all of which can be
off-resonantly excited by either the laser or the cavity mode. In addition to
this the decay processes, unlike those in the analytic model, do not remove
the excitation from the system; if the atom decays from state |z) it can
fall back into the state |e) and continue to influence the system dynamics.
A more complete picture of the time-evolution of the atom-cavity system
must therefore be examined to ensure that the desired photons are correctly
produced. To do this we simulated the system using a Master Equation

approach [144].

4.2.1 The Hamiltonian

We start by taking the standard Jaynes-Cummings Hamiltonian of a two-level
atom interacting with a cavity mode and extend it to the three-level case.
The Hamiltonian can be thought of as the combination of a static background

and a term which describes the interactions of the system,

}AI = ﬁstat + ﬁint- (410)
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The static term H. stat includes the energy levels of the atom and the cavity,
}/\Istat — }/\Iatom + ﬁcava (411)
and for the three level system can be written in the interaction picture as,

Hatar = b ( Aceledel + Agglg) (9] ) + hlaa (ala), (4.12)

where A;; is the detuning from the rotating frame and i € {g,e}, and af
and a are the creation and annihilation operators for a photon in the cavity
mode.

The interaction part of the Hamiltonian which contains the dynamics of

the system’s evolution is given by

Hine = W) [ AcwAen (Ge +610) + Ageg (6o + 60, ) | + .
(4.13)

hy | Acoden(Gentl + 671 ,0) + Dgudy (64007 + 6] ,0) ],

where 6., and 6’;35 are the atomic creation and annihilation operators for
the transition ¢ — j and A, ; is the relevant dipole matrix element [123].
For the sake of clarity and brevity the preceding equations have been
limited to the initial three level system. The extension of this Hamiltonian
to the full 8"Rb-Ds line (shown in Figure4.3) is achieved in an identical
way; the resulting Hamiltonian is simply larger. In addition to all the atomic
levels we must also include the fact that the Fabry-Perot cavity is not well
described by a single cavity mode, but instead supports two degenerate modes
of orthogonal polarisation, with creation operators af and b respectively.

The complete Hamiltonian is therefore given by

Hopar = (ZAI il + A (a &+ISTB)>, (4.14)
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267 MHz

157 MHz

Figure 4.3: Complete energy level structure of the 3’Rb D, line.

A

Hine =1 (Q [ AijAsj (G140 +9 [ DA (ai,jau&j,ja)]). (4.15)
7

The time evolution of this system, including its decay processes, can be
calculated using the Linblad form of the Master Equation,

E’O

Cp= LA+ Ll (4.16)

=t

where p is the density matrix and L[p] is the Liouville super-operator. This
relies on the assumptions that the process is Markovian (i.e. the environment
into which information decays is sufficiently large that over the timescales
concerned it will not interact with the system again), and that it is at zero tem-
perature (so it is not influenced by input of excitation from the background).
As the environment is the infinite set of free-space electromagnetic modes and
the transitions are well above the room-temperature black-body spectrum

these assumptions are justified. The Liouville operator describes the non-
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unitary decay processes via the Decay operator D[c|p = 2épél — éfép — péte,

and takes the form,

L[p] = kDlalp + kD[b]p + vDlo]p. (4.17)

4.2.2 Results

The populations of the atomic levels during the photon production process
are shown in Figure4.4. For this simulation we assumed that the atom was
prepared in an equal mixture of all the mg sub-levels of the F' = 2 ground
state and was driven with a Rabi frequency calculated from Section4.1.2 to

produce a 9 (t) = sin(¢)? photon with an efficiency of n = 0.8.

0871

0671

0471

Population

0271

0 /8 /4 3m/8 /2 57/8 3m/4 /8 T
Time (pus)

Figure 4.4: Time evolution of the atomic populations: The population of the atom,
which is initially prepared in the F'=2 ground state (green), is pumped via
a Raman transition to the F'=1 ground state (blue). A small population
is transferred to the F'=1 excited state (red), but the F'=0,2,3 states
are negligibly populated (yellow).

The most obvious result is that the addition of all the excited states does
not influence the dynamics; the ~ 100MHz detunings, along with the low
power STIRAP laser, mean that the excited states are too far away to off-

resonantly influence the three level sub-system. Rather than the additional
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atomic levels, it is the inclusion of the spontaneous atomic decay that causes

the greatest deviation. By allowing the population in the excited state |z) to
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Figure 4.5: Emitted photon shape: The shape of the photon produced by a simulation
of a realistic atom-cavity system (grey) is slightly different from the
shape calculated using a three-level approximation (black). This is due
to the spontaneous decay from the excited state |z) replenishing the
initial state population |€). The photon shapes have been normalised
such that [ dt = 1.

decay back to the initial state |e) we increase the efficiency of the photon
production process (incoherently) from 80 % to 83 %. This can also be seen
in the shape of the photon that leaks out of the cavity (Figure4.5) as the
photon emission rate is increased at later times. The population that was
excited to state |x) has decayed back to the initial state and can continue to
contribute to the system dynamics. This distorting effect on the photon’s
shape, however, is small compared to that caused by the atomic fountain,

which will be described in subsequent sections. The simulation was performed

in MATLAB using the Quantum Optics Toolbox developed by Sze Tan [145].
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4.3 VARIATIONS FROM THE FOUNTAIN

All of the simulations thus far have been performed under the assumption
that we have a completely stationary single atom located at the very centre
of an anti-node of the cavity. In reality this is almost never the case. As the
atoms are loaded into the cavity using a fountain, by the time the atom
cloud has reached the cavity mode it is approximately 5 mm in diameter,
considerably larger than the 20 um waist, the 75 pym length of the cavity
mode, and the 14 ym waist of the the STIRAP beam.

This problem is further compounded by the fact that the cavity mode
exists as a standing wave along the cavity axis; the maximum atom-cavity
coupling will only be experienced at the A/2 = 390 nm spaced anti-nodes. As
this is a localisation that is five orders of magnitude less than the accuracy
of the atom localisation from the fountain, interactions at all values of g and
Q from {g,Q} = {0,0} — {90, QYmaz} Will be obtained. This variation can
be clearly seen by looking at a slice through the cavity mode (Figure4.6),

where ¢ takes the form,

g(r) = go cos(2mz/\.) - exp(—C2w?), (4.18)

where ¢ = /22 + 2 is the radial co-ordinate, w, is the cavity waist, and the
cavity mirrors are located at z = + L/2, and Q is a simple Gaussian.

A simplified picture of this variation in the coupling constants can be used
to model the expected deviation in the emitted photon shapes. There are
two distinct regimes which we should consider. First - the variation in the
atom-cavity coupling caused by the standing wave - this is relevant to all
Cavity-QED experiments as even with complex trapping geometries (ion

traps/dipole traps) the atom localisation will be on the order of 10 — 100
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Distance (um)

Distance (pum)

(a) Spatial distribution of Q + g
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Figure 4.6: Variation of interaction strength with position: The magnitude of 2+ g is
shown (a) for a cross-section of the cavity mode and STIRAP beam. The
standing wave of the cavity mode gives rise to the high frequency variation
along the cavity axis and the STIRAP beam is visible as the bright
stripe propagating along the transverse axis. As the photon generation
process is mediated by both 2 and g photons are only produced when
the atom is located in a region with a high value of Q - g (b).

nanometres. Secondly there is the variation in the the peak STIRAP Rabi
frequency - this variation occurs over a much larger scale and thus is only

relevant to our completely un-trapped arrangement.
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4.3.1 Variation in Atom-Cavity Coupling

We will first consider the regime where the atom is well localised with respect
to the STIRAP laser and thus only the atom-cavity coupling deviates from
the desired value.

The variation in the maximum photon production efficiency with the value
of the atom-cavity coupling is shown in Figure4.7. It can be seen that there
is a high efficiency over a large range of values of g. Unfortunately the photon
shape 1, (t) changes significantly over this range - at g = 0.5go the emission
efficiency has only dropped by 20 % but the photon is emitted 0.4 us earlier
and is only 2/3 the width. We would therefore like to calculate a new driving

pulse that takes this into account and minimises this variation.

Efficiency

0 2.5 5 7.5 10 12.5 15

Atom-Cavity Coupling (2mr MHz)

Figure 4.7: Photon production probability: the probability of producing a photon
depends on the value of the atom-cavity coupling g. If we assume long
photon lengths (T > 1/k) the maximum possible production probability
is independent of the shape of 2 and depends only on the value of g
(red line) (k and v are constant). Using the experimentally determined
values of the coupling constants, the maximum efficiency is 86 %.

The STIRAP Rabi frequency €2(¢) required to produce a photon with the
shape ), = sin(t)? when {g, k,v} = 27-{15,12, 3} MHz, was calculated using
the algorithm from Section 4.1.2. The photon shape for an atom experiencing

this Rabi frequency and an atom-cavity coupling increasing from g = 0 —
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g = go in steps of 5% of gy was then found via numerical simulation. These

photon shapes were weighted by the fractional volume of the cavity mode

for each value of g and summed to get an ensemble average of the photon

shape, with the resultant shape shown in Figure4.8.
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(c) Photon shapes averaged over all atom-cavity couplings.

Normalized ensemble photon shapes: The detected ensemble photon
shape will be distorted as the atom will interact with the cavity at all
values of g from 0 — gg. The shape of the photon produced when the
atoms experiences g = {0.5,0.75,1}go (brown, green, grey) are shown
in (a) for Qlg—g, and (b) Q|y=0.75.4,, the desired shape is also shown
(black dash). The resultant ensemble shape after the individual photons
have been weighted by volume fraction is shown in (c) for Q|,—,, (red),
Q|g=0.75.¢, (grey), the ideal is shown in black.

95



96

CONTROLLING A PHOTON’S AMPLITUDE

This calculation was initially performed for a STIRAP Rabi frequency
Q(t) that was optimized for the peak atom cavity coupling go. The individual
photon shapes from poorly coupled atoms are shown in Figure4.8a. As g
decreases the peak emission rate will occur progressively earlier in time
distorting the individual photons away from the desired 1), = sin(¢)2. This
distortion is clearly visible in the ensemble average of the photon shapes
(Figure 4.8¢, dashed red line).

The driving pulse was then engineered to produce a photon of the desired
shape for a value of the atom-cavity coupling of g < gg. This has two advan-
tages. Not only is there a greater probability of an atom experiencing this
interaction strength as the volume where g < gg is greater than the volume
where g = gg, but also the ensemble distortion caused by the variability in
g is minimised as there is skew to both earlier and later times. These two
effects cause the ensemble photon shape to almost regain its desired form.
It was found through simulation that a value of g ~ 0.75 gy optimised this

effect (Figure4.8).

4.3.2  Variation in STIRAP Rabi Frequency

The second cause of distortion to the emitted photons’ shape is due to a
variation of the STIRAP Rabi frequency experienced by the atom. As the
peak of the individual photon emission rate occurs when gg and Q(t) are
approximately equal any reduction in the value of Q(¢) will result in the
photon emission being pushed to later times (this can be seen in Figure4.9).

As with the variation in g, it is possible to change the value of Q(¢) to
minimize the amount of distortion. By increasing the maximum value of
Q(t) the ensemble average will be shifted earlier in time and so become more

like the desired v, = sin(t)? shape. This is a more complicated task than
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Figure 4.9: Distortion caused by STIRAP Rabi frequency: The emitted photon
shape will change depending on the atom’s position due to the Gaussian
profile of the STIRAP beam. The emitted photon shapes are shown for
Q= (0.5,0.75,1)Qn4s in brown, green and grey. The ideal shape is also
shown (black dash).

the simple scaling performed in Section4.3.1; not only must we consider
variation in Q(t) but also the Gaussian envelope, the standing wave of g,
and the motion of the atoms. One ends up tracing the trajectories of single
atoms through a ~ 30 ym box, calculating the photon shape every 10nm - a
very protracted task. We instead choose to post-select only those photons

which came from well-coupled atoms.

4.4 PHOTON SHAPES FROM WELL COUPLED ATOMS

It is not possible to detect the shape of an individual single photon. One must

instead detect a large ensemble of photons and as the probability of observing
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Counts
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Figure 4.10: Ensemble photon shape: The histogram of detector counts for an
ensemble of atoms of unknown position, each driven with the Rabi
frequency required to produce a v (t) o sin?(t) shape is shown in grey.
The desired shape of a photon from a well-coupled atom is shown in
blue.

a detector click is proportional to the photon shape Py (t) oc [ (t)[?, one
can reconstruct the shape by looking at the times of the detector clicks
relative to the start of the driving pulse. If we drive the system with the
Rabi frequency calculated using the method in Section4.1.2 to produce a
Yph = sin?(t) photon, we would hope to obtain a histogram of detector counts
with a [t (¢)|? shape. As discussed in Section 4.3 however, the imprecise
loading of the atoms into the cavity mode results in a distortion of this
ensemble shape. The average shape of the photons produced for all atoms
is shown by the grey shaded area in Figure4.10 along with the photon
shape that we expect for a well-coupled atom given the applied driving pulse
(dashed blue line). By comparing this shape with Figure 4.9 it is clear that
many of the detector clicks used to make this histogram come from atoms
located away from the centre of the interaction region.

In Chapter 3 conditioning of the data was discussed in the context of
determining the efficiency of photon production from a well coupled atom.
It is possible to use the same conditioning method to counteract some of
the effects of the random loading of atoms and retrieve only those photons

produced from atoms interacting with the desired g and 2.
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(a) All detector clicks (b) Conditioned on £ = 3
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Figure 4.11: Conditioned photon shapes: using careful post-selection is possible to
recover only those photons which were emitted by an atom experiencing
g =go and 2 = Qe The histogram of detector counts without post-
selection is shown in (a), with post-selection of £ = 3 in (b), £ =5
in (¢) and £ = 7 in (d). As the post-selection criteria becomes more
stringent the distorted photons are removed and the ensemble shape
approaches the ideal (solid black).

Figure 3.11 shows a trace of the number of clicks on the detectors per
100 ps time bin. As the atom cloud traverses the cavity, in two of these time
bins the number of detector clicks is significantly higher than the background;
this is understood to be when there is an atom in the cavity. As high photon
emission probabilities are only found when the atom is well located with

maximum values of g and ), selecting only those photons produced around
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the peak of the Gaussians fitted to these counts should result in selecting
only those photons with the correct shape.

Post-selecting the data using the criteria that there must be more than
1,3,5 or 7 clicks per time bin results in ensemble photon shapes shown in
Figure4.11. The ensemble shapes are clearly collapsing towards the expected
shape and with the most stringent post-selection criteria - that there must
be seven detector clicks per 100 us time bin (Figure4.11d) - almost all of
the photons which were produced from atoms experiencing a non-maximal
Rabi frequency have been removed and there is good overlap between the

expected and observed shapes.



4.5 A GALLERY OF SINGLE PHOTONS

4.5 A GALLERY OF SINGLE PHOTONS

Whilst a 9 = sin?(¢) shape might be very useful [98], it is perhaps also one of
the least exciting of possible photon shapes. To show the versatility of both
the algorithm and the photon source we have produced a selection of photons
with shapes that might be of interest to quantum information applications
(Figure4.12b and Figure4.12d) [146] and some of a more whimsical nature

(Figures4.13-4.15) .
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Figure 4.12: Shaped single photons: the STIRAP driving pulse (left) and resultant
) = sin?(t) and ‘square’ photon shapes (right) are shown.

Although the photon shaping is good it is not perfect and the more complex

shapes especially suffer from a ‘smoothing out’ where the sharp features are

missing. For example the twin peak photon (Figure4.12b) which has the
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Figure 4.13: Tower Bridge: The upper plot shows the STIRAP pulse applied to

obtain the photon shown below. The photon’s shape has been drawn
assuming that it propagates in a fibre with refractive index n = 2 and
is thus to scale.

1

Figure 4.14: The Pyramids of Giza
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Figure 4.15: The Radcliffe Camera - part of the Bodleian Library in Oxford

fewest high frequency components is almost perfectly realised whereas the

more complex shapes, which require a higher bandwidth modulation (e.g.

the turrets on Tower Bridge), are missing.
It is believed that these imperfections are primarily due to the limited
bandwidth of the AOM used to shape the driving pulse (Figure4.16); this

could only modulate the STIRAP pulse at a maximum of 3 MHz and therefore

could not accurately produce the complex pulse shapes that were required.

It is though that by using a modulator with a higher bandwidth, such as
an EOM, it will be possible to obtain the missing sharp features. This will

eventually be limited by the system due to the rates g and «.
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(a) Bandwidth of STIRAP AOM (b) Desired STIRAP pulse
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Figure 4.16: STIRAP pulse shaping: The limited bandwidth of the STIRAP AOM
(a) means that the high frequency components of the STIRAP pulse
required to produce a photon shaped like Tower Bridge (b) are not
present in the pulse which is actually sent to the atom (c).

4.6 CONCLUSION

A priori control over the temporal shape of single photons has been demon-
strated based on the analytical algorithm presented in [138]. As this algorithm
relies on an idealised three-level system it was necessary to perform full nu-
merical simulations of the 8’Rb-Dy transition to verify that that it was
applicable to this system. The additional complexity of the full Ds manifold
did cause a distortion in the simulated photon shape, however this was below
the expected accuracy of the experimental realisation. The STTRAP pulse
shapes produced by the three-level algorithm were therefore used without
further modification.

The distortion caused to the ensemble photon shape by the variability

in the atoms’ positions in the cavity was also considered. This fell into two
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distinct regimes. The first, a distortion caused by the variation in g due to
the vacuum-mode standing wave, was an effect which occurred when the
uncertainty in the atoms’ position was on the order of 100 nm, this will
therefore require consideration from all atom-cavity sources. The second,
a distortion caused by variation in the STIRAP Rabi frequency, was due
to the imprecise position of the atoms with respect to the wg = 14 um
STIRAP beam, this distortion applies to experiments where the atoms are
not trapped. A method of post-selection which allows for the identification
of only those photons which were produced by correctly positioned atoms
was also presented.

The techniques discussed in this chapter were used to produce photons
with a variety of unusual shapes, this demonstrates the level of control which
a C-QED experiment provides over the interaction between an atom and a

photon.

105






CONTROLLING THE FREQUENCY AND PHASE

Having shown control over the amplitude of the single photons that we
produce; we would now like to explore which other properties of the photons
we can change. The two most accessible properties of the photons are their
frequency and phase as these depend solely on the control which we can
already exert over the STIRAP pulse Rabi frequency Q(t).

As in Chapter 3 the photons’ properties will be characterised using Hong-
Ou-Mandel interferometry as this has been shown to be strongly dependent on
the properties of the photons under consideration [147-150]. To understand
what we expect to observe we must extend the theory to include the time-
dependence of the photons: this will be shown in Section 5.1. Control over
the photons’ frequency is shown in Section5.3. The ability to apply an
arbitrary relative phase between the individual peaks of a twin-peak photon
is demonstrated in Section 5.4. In Section 5.5 it is discussed how this can
be used as a method of preparing arbitrary qubits for LOQC; and types of

circuits that these qubits can be used in are shown in Section 5.6.

5.1 TIME-RESOLVED HONG-OU-MANDEL INTERFERENCE

In the initial explanation of Hong-Ou-Mandel interference (Section3.6.1)
the creation operators &2 and &}LB were defined to create a photon in the
spatio-temporal mode defined by the photon’s envelope £(t) (Figure5.1).

With this simplification we were able to obtain an initial expectation of the
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results that would be observed. A similar simplification can be performed
with the twin-peak photons that will be used in this chapter, where we define

two distinct modes - one for each peak of the photon - using the substitution,

ity = 5l +al). (5.1
where &21 and &TAQ are the creation operators for a photon in the first and
second time-bins respectively. The photon is now split into two independent
time-bins, 1 and 2, each subject to the standard beam-splitter relations; a
similar expression holds for the creation operators in mode B (this can be
seen in Figure5.1). Performing this substitution on the initial input state

incident upon the beam-splitter results in,

Af A L At .
aTL&‘ITBWG@ = 5(‘11:11 + ailz)(ah + ag2)|Vac>. (5.2)

Figure 5.1: Time-binned HOM: the theory of Hong-Ou-Mandel interference can be
extended to include a single photon which exists in multiple time-bins.

The beam-splitter then acts on the individual time-bins, splitting each

input mode into an equal superposition of the two output modes. One only
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has to note that photons in modes { A1, B1} are mapped to modes {C1, D1}

and {A2, B2} — {C2, D2}.

ot Lo ~t L. R

a1 \ﬁ(am +ap,y), QA2 ﬁ(am + Gpy),

R 1 R . 1 R

aj}n = E(CLT@ - aTD1)7 anrBQ = \ﬁ(a& ‘12)2) (5.3)

Substituting these relations into Equation 5.2 gives the output state,
Lol o oy Lot o Loy ot Loy
5 (ﬁ(amjLaDl)"‘ﬁ(aoﬁ’aDz)) (%(am_am)‘*‘ﬁ(am—am))’ (5-4)
which, ignoring global factors can be simplified to,
st At AT At At At At At At
(ac1ac1 T Ggley = Gp1lpy — aD2aD2) + 200,009 — 201, Gpy. (5.5)

The physics involved in this expression is contained in the subscripts
{ci pi}. It can be seen that the photons always coalesce and leave the beam-
splitter through the same output port, i.e. we only ever see pairs of creation

operators with the same subscripts dgidgi or d%i&;}i.

5.1.1  Full Time-Resolution

The theory presented thus far has assumed that the creation operator acts
on the mode defined by the photon’s probability amplitude. Whilst this is
extremely useful in many cases (and will be essential in later sections) it
does not describe the full time-resolution observed in this experiment. As the
photons are very long compared with the detector time resolution we would
like to increase the resolution of our theory to match this. If the photon
length is only slightly greater than the detector resolution t,, > Ty this

could be done by artificially subdividing the continuous photon into collection
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of time-bins, each with a width Ty.; and then applying the method described
in Section 5.1 for the discontinuous multi-peaked photons. For the photons
produced in this experiment however, this would require 10° time-bins and so
we instead move to the completely general case found in the limit T4 — 0.
The following discussion is a précis of the theory developed in [113, 115]
and has been included to aid in the comprehension of the presented results;
the reader should refer to the above references for the complete theory of
time-resolved HOM.

The photon is treated as a continuous function which can be written as

the product of a real amplitude, €(t), and a complex phase, ¢(t),

§(t) = e(t) exp(—i (1)), (5.6)

where the photon amplitude is normalised such that [ |e(#)|?dt = 1. The
correlation function for the interference between two such photons of identical

polarization (e.g. both photons are horizontally polarized) takes the form,

6 1 1) = Fa(0)6202) =)o) (57)

i.e. we have an interference between photon 1 at time ¢; and photon 2 at
time ¢ and between photon 1 at to and photon 2 at ¢1. If we multiply this

expression out we can write the result as a sum of two terms,
G\ = G¥ ~F 5.8
(i te) = Gy (t, ta) (t1,t2), (5.8)

The first term Gg%/(tl,tg) is simply the convolution of the real photon
amplitudes; it is the function that one would observe if the photons had

orthogonal polarizations and did not interfere. The second term F'(t1,ts)
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describes the interference between the photons which is governed by the

relative phases of two photons. Gy (t1,t2) and F(t1,t2) are given by,

_ le1(t1)e2(t2)]? + |e1(te)ea(tr)]?

Gt .12 4 ) (5.9)
F(t1,t2) :El(t1)62(t2)2€1(t2)62(t1) y
cos(¢1 (t1) — P1(t2) + Palte) — <Z>2(t1)), (5.10)

When a HOM experiment is actually performed what we measure is the

difference in time between the detections of the two photons 7 = to — 3.

This function - the probability of detecting a correlation at a particular time
delay, 7 - can be found by integrating the above correlation function over

the time of the first detection ¢q,

PO(r) / dt1 GO (11,1 + 7). (5.11)

5.1.2 Decoherence

Until now we have assumed that the photon source is perfect and that all of the

photons can be described by the same wavefunction £(t) = €(t) exp(—i ¢(t)).

In a more realistic scenario the properties of the emitted photon will have some
form of jitter caused, for example, by the STIRAP laser’s finite bandwidth or
stray magnetic fields shifting the atom’s energy levels. These variations will

result in the properties of the successively emitted photons being different

from one another and will thus change the expected pattern of correlations.

A jitter in the frequency of the photons will only manifest itself in the

phase ¢(t) part of the photon £(t), and thus will only affect the interference
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term F'(t1,t2). If we assume a Gaussian frequency jitter between the photon
pairs,

£(A) = ﬁ exp(=A2/502), (5.12)

where A is the frequency difference between the photons, and dw is the width
of the frequency distribution, and integrate this over all frequency differences,

we obtain a correlation probability function of the form,

PO(r) / dty G2 (ty, 11 +7)—

72
exp (W) / dty Ft1, 1+ 7). (5.13)

Examples of the correlation probability function P(2)(7') for two different
photon amplitudes, €(t), are shown in Figure 5.2. The most surprising feature
of these figures is that the correlation function always drops to zero at

7 = 0, irrespective of the magnitude of the decohering frequency jitter. This

Correlations
Correlations

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

Detection Time Difference (ps) Detection Time Difference (ps)

(a) Single-Peak Photon (b) Twin-Peak Photon

Figure 5.2: Time-Resolved HOM: the correlation probability functions for single-,
and twin-peak €(t) = sin?(t) photons, are shown for perpendicularly
(grey) and parallel (red) polarizations. With infinite coherence no cor-
relations will be observed, with a finite coherence time correlations
will appear, even for perfectly parallel photons. The single-peak and
twin-peak photons shown here have coherence times of 75 = 0.1 us and
T5 = 0.5 us respectively.
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is because the relative phase of the photons is not defined until the first
photon has been measured. If there is a second detection at 7 = 0 the
photons will be in phase, no matter how different they are, and so there
are no correlations. Once the first detection has occurred however, and has
projected the separable input state into an entangled combination of & and
& with a defined phase relation, it is subject to classical interference fringes
evolving according to the photons’ phases ¢; and ¢s. As the time difference
between the detections increases so does the relative phase difference, and as
this phase accumulation is incoherent washes out any coherent phase relation
between the photons and so defines their mutual coherence time T5.

It is also possible to have a jitter in the emission-time of the photons; this
would have the effect of significantly broadening the apparent envelope of
the photon |e(t)|?. Considering the results shown in Section 4.5 this effect

has been deemed negligible for the demonstrated source.

5.2 A TWIN-PEAK PHOTON

The photons that we we shall be using for the majority of this chapter
are the twin-peak v¢» = sin?(¢) photons that were originally produced in
Figure 4.12b. The autocorrelation function has a triple peak structure and is
clearly resolved using non-interfering perpendicularly polarized photons - it
has a large central peak caused by detector clicks in &}n&TDl and &EQdEQ and
two side peaks of half the height caused by the correlations between &TCl&EDQ
and &T@d}gl (Figure 5.3). If we rotate the polarization of the photons to be
identical the photons will interfere, ideally resulting in no correlations. We
almost reach this ideal case with an interference visibility of V},;, = 0.8040.05,

caused by a coherence time of T = 0.5 us.
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Figure 5.3: HOM of a twin-peak photon: the cross-correlation function photons is
shown as a function of the detector time difference, 7, for ¢ = sin?(t) twin-
peak photons with parallel (red) and perpendicular (grey) polarizations.

5.3 CHANGING A PHOTON’S FREQUENCY

The photons are produced via a Raman transition, so their frequency is
determined by the difference in energy between the initial and final states

and the energy of the STIRAP laser which drives the transition,

hwpn = hwsTrrRAP + Einitial — Efinal- (5.14)

Perhaps surprisingly the frequency of the cavity does not affect the fre-
quency of the emitted photon, only the probability of emission. Given that
the atomic energy levels are fixed, if we change the frequency of the STIRAP
laser we should be able to change the frequency of the resulting photons. We

cannot, however, emit a photon at an arbitrary frequency. The probability of
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Figure 5.4: Changing a photon’s frequency: a beat note between two parallel polar-
ized photons of different frequencies was observed in the HOM (red).
The data is shown as a histogram with 8 ns time-bins. A theoretical
curve was fitted to the data (red shading); the perpendicular polarized
reference is also shown (grey).

emitting a photon into the cavity mode at a particular frequency depends on
the cavity resonance and line-width; if wy;, = wce, the emission probability
is maximized, but if wyy, is very far detuned from wcg, emission is unlikely.
Whilst it is relatively easy to drive the atom at an arbitrary frequency -
either tuning wgrrrap with an AOM or even using another laser altogether
- changing the cavity resonance is not. Even if one were to use a cavity that
was actively locked during the interaction time, moving the macroscopic
cavity mirrors a sufficient distance to create a frequency shift of more than a
few MHz/ms is impractical. Despite this, we still have the ability to change

the frequency of the photons within the cavity linewidth.

5.3.1 Changing a Whole Photon’s Frequency

Initial experiments were performed with the single-peak photons produced
in Section 3.6.3. The frequency shift was measured by observing a beat

in the HOM interference; this can be thought of as a type of heterodyne
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measurement, but instead of using two coherent beams we are using two
single photons.

A stream of photons was produced in which the frequency of the photons
alternated by A, which ensures that every correlation is the result of the
interference of a pair of photons with a frequency difference. The interference
patterns for photons where the STIRAP laser was shifted in frequency by
6 MHz and 12 MHz are shown in Figure 5.4. Theoretical fits to the observed
correlation resulted in frequency shifts on the photons of A = 6.2 + 0.3 MHz
and A = 11.9 £ 0.3 MHz. The coherence time of the photons was unaffected.

This shows good agreement with past experiments [114].

5.3.2 Changing Half a Photon’s Frequency

We would also like to show that it is possible to change the frequency within a
single photon. To do this we use a twin-peaked photon (Figure 5.3) and change
the frequency of one of the peaks with respect to the other. The frequency of
the driving laser is shifted below the cavity resonance, A = —6 MHz, during
the first half of the photon and then above resonance, A = 46 MHz, during
the second half to ensure that the photon production efficiency is not too
significantly harmed by the frequency shift.

As before, the frequency shift was tested by interfering this photon with
another photon which had a constant frequency, A = 0. The result of the
measurement is shown in Figure 5.5, and from a theoretical fit to the data we
obtain a measured frequency difference of A = 11+1.5 MHz. The interference
pattern shows a beat for correlations within the same time-bin however the
discontinuous frequency step washes out the interference between the different
time-bins. The spectral properties of this photon are quite peculiar. Usually

when one considers the spectrum of a single photon, one imagines a particle
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Figure 5.5: Changing the frequency within a single photon: a beat note between
two parallel polarized photons - one with frequency A = 0 and the
other with a frequency shift A = —6 MHz during the first time-bin and
A = +6 MHz during the second time-bin - was observed in the HOM
signal (red). A theoretical fit is shown (red shading) along with the
perpendicular polarized reference (grey).
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Figure 5.6: Spectrum of a frequency shifted photon: a photon with a frequency
shift between its two time-bins will have the spectrum shown in green
during during the interval 0 < t < T};/2 and the spectrum shown in
blue during the interval T};/2 < t < T}, where T}y, is the length of the
photon.
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defined by a single frequency with a Fourier limited bandwidth. This is not
the case here, this single photon exhibits two distinct frequencies at different
times, these are separated by 12 MHz and each has a bandwidth of 500 kHz

(Figure 5.6).

5.4 CHANGING A PHOTON’S PHASE

In this section the ability to change the phase of a single photon is demon-
strated. A photon does not have defined phase until it is measured and so
we cannot put an arbitrary phase on the whole photon - instead we must

impose a phase relation between the two peaks of a single photon.

5.4.1 Phase-Shifted Houg-Ou-Mandel Interference

Consider an extension of the theory presented in Section 5.1 where we now

impose a phase-flip ¢ on the second time-bins of photon dg,

1 R 1 L
= E(GTBI + a%z) — 7(6‘;{31 +e' a%z)' (5.15)

V2

For ease of understanding we shall use the case where we set the value of

this phase shift to ¢ = 7, giving an input state of,
At oA 1. . N .
ahal|Vac) = 5 (aly + aly)(ay — ) [Vac). (5.16)

This change of sign in the superposition on the time-bins of photon B causes
a dramatic change in the final expression for the output state which now
reads

(agldgl - aC’Q&EQ - aTDldTDl + dTDQ&TD2) + 2dTCla’TD2 - 25{2)1&2‘2 (517)
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As with Equation 5.5 the first term contains all the creation operator pairs
where both photons are detected in the same time-bin; here the photons have
coalesced and are always found in the same output port. The interesting
part of this expression is the situation where the two photons are detected
in different time-bins (i.e. one photon in bin-1 and the other in bin-2); these
are shown in the final two terms in the equation. With this ¢ = m phase shift
the photons no longer coalesce, instead they are actively forced into opposite
output ports; if the first photon is detected in C'1 the the second must be
detected in D2 (and vice versa).

The photon correlations, which normally follow bosonic statistics, have
been projected into a quasi-fermionic state by the first detection and thus

the photons will never coalesce at the same detector across time-bins.

1| | 1II 1|

AA AN
/\/\/\/\

—_

/T\/\/\/\
/\/\/\/\

Figure 5.7: Graphical representation of the HOM interference of two twin-peak pho-
tons: the two photons are represented by the upper and lower envelopes.
The detection of a photon is shown by a vertical line next to the either
detector 1 (red) or detector 2 (green). The relative phase of the two
photons at the first detection is shown by the red shading and a m-phase
shift is represented by blue shading.

This can be considered pictorially in Figure5.7. If the photons have no
phase-flip between the two peaks (a) then after the first detection - a click
in detector 1 which defines the phases of the two photons to be zero - the
photons are identical and so will bunch, resulting in no detector correlations
(Figure 5.7a). If there is a ¢ = 7 phase-flip however, a detection in the first
half of the photon will define the relative photon phases such that they are

orthogonal in the second half (Figure5.7¢) and a subsequent detection must
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only occur in detector 2 - i.e. the correlations shown in the previous section.
Although they appear trivial, as they do not cause any correlations, the
bunching of photons with a phase-flip is actually quite interesting. If both
detections occur in the first half of the photon (Figure5.7b) this bunching
makes sense - both photons have been annihilated before their phase-flipped
parts interacted. However, if both detections occur in the second half of the
photon (Figure 5.7d), the phase relation between them is not set until after

the phase-flip, reinforcing the fact that photons have no absolute phase.

Correlations
Correlations

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1 -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
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(a) g =7/3 (b)o=m

Figure 5.8: Time-resolved HOM of a twin-peak photon with a phase shift: by im-
posing a relative phase shift of ¢ between the first and second peaks of
the photon the photons are forced out of separate ports of the beam-
splitter and hence cause correlations (red). The number of correlations
is dependent on the phase with a minimum at ¢ = 0 and a maximum at
¢ = . The perpendicular polarized reference is also shown (grey).

Whilst this type of discussion can be useful to gain a conceptual under-
standing of what one expects to observe in this experiment it must be used
with care. It is easy to slip into a train of thought in which two single photons
arrive at a beam-splitter and through some local interaction decide which
way to go; unfortunately this is not what happens. The important feature of
two-photon interference is that the photon amplitudes are indistinguishable
at the detectors, if this condition is met interference will occur even if the

photons never overlapped at the beam-splitter [151].
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5.4.2  Creating the Phase Shift

We would now like to try to produce photons with the type of phase-flip that
we have been discussing. As the only time-dependent variables in the photon
production process are the Rabi frequency of the STIRAP laser Q(t) and
the photon itself ¢, (t), to create a phase-flip in our photons all we must do
is flip the phase of the STIRAP laser. This can be changed by applying a
phase shift to the RF input of the AOM used to generate the pulse.

By beating the STIRAP pulse against a 10 MHz detuned, phase stable
Local Oscillator (L.O.) in a heterodyne type measurement, we can verify this
phase shift. The resulting beat signal is shown in Figure 5.9. One thing to
note is that the phase shift is applied each time the beam passes through the
AOM, i.e. for a double passed AOM a phase shift of 7/2 on the RF input is

required to achieve an overall shift of 7.

5.4.3 Photons with a phase-flip

The cross correlations measured for phase shifts between 0 and 47 /3 are
shown in Figure 5.10. It can be clearly seen that the observed data behave as
predicted by the theory; starting from a minimum at ¢ = 0 the correlations
rise to a maximum with a m phase-shift, and then decrease once again. This
is expressed more succinctly in Figure5.11 which shows the total number
of correlations observed in the side peaks normalized to the number of
correlations observed with perpendicularly polarized photons. The expected
change in peak visibility with phase shift (assuming 75 = 500 us) is shown
(red), and a theoretical fit to the data is shown in grey. Although these differ,

the null hypothesis that the data are well represented by the expected peak
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Figure 5.9: Measuring the phase of the STIRAP pulse: the phase of the STIRAP
pulse used to produce a twin-peak photon (top) can be measured by
beating it against a stable reference. The heterodyne-type signal (bottom)
for the case where no phase shift has been applied (black), and the case
when a phase shift of ¢ = 7 has been applied to the driving pulse (red).
In the first part of the pulse the two heterodyne signals are perfectly in
phase, and in the second half of the pulse the phase shift of 7 is clearly
visible. The amplitude of the ¢ = 0 pulse should be zero at the centre of
the plot however this has been artificially increased to make the phase
shift more obvious.

visibility is well within the 95 % confidence bounds (x2-test) and so can be

accepted.

5.5 ARBITRARY QUBIT PREPARATION

In the preceding sections we have shown that we have complete control over
the amplitude, frequency and phase of the single photons that we produce;

and we would now like to put that control to use. A standard technique
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Figure 5.10: HOM interference patterns for photons with a phase shift: the time
resolved correlations for twin-peaked photons with a relative phase shift
of ¢ between the first and second peaks are shown (red). The theoretical
plots of the expected correlations for our system (0.48 us coherence time,
and a slight mismatch in polarization) are also shown (red shading)
along with the perpendicular polarisation case (grey), these are not fits
to the data but are simply included for ease of comprehension.
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Figure 5.11: Peak visibility versus applied phase shift. The observed peak visibility
normalised to the perpendicular case is shown along with the expected
dependence (red) and a theoretical fit (dash) with 95% confidence
bounds (grey shading). The visibility does not span the full 0 — 2
range due to the inherent coherence time of the experiment.

in Linear Optical Quantum Computing (LOQC) is dual-rail entanglement
[152—154]; a single photon incident on a 50:50 beam-splitter will be split

between the two output ports creating a non-separable state of the form,

1

&) 7

(110) +[01)). (5.18)

This is exactly the form of a twin-peak photon if one considers the time-
resolved detection, i.e. a detector click in the time range 0 < ¢t < Ty /2
corresponds to |10) and a click in the range Ty, /2 >t > T}, corresponds to
|01). The advantage of our scheme over a comparable qubit using multi-rail
entanglement is the scaling ability. If one would like to increase from a

dual-rail to triple-rail state, i.e. to produce the W-state

W) = (W) = 13|1oo> +1010) + [001), (5.19)
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using multi-rail entanglement, a network of two beam-splitters comprising of
a 2:1 followed by a 50:50 is required. With our scheme however, all that is
necessary is to change a single line of computer code to apply a STIRAP
pulse which creates three peaks rather than two. There is also a significant
advantage in the overhead of detectors, with multi-rail entanglement one
requires a detector on each rail, whereas with the extra time resolution one
only requires two detectors, irrespective of the size of the state. An arbitrary

phase can also be applied to each time-bin individually to produce the state,

|T) = €*1[100) 4 €'*2(010) 4 €**2|001). (5.20)

5.5.1 Time-binned Qubit

In order to display the physics of the system in a standard form it is possible
to draw the quantum circuit for the interference of the time-binned photons
(Figure 5.12). We have two photons, each existing in both time-bin 1 and 2,
overlapped on a beam-splitter with detectors A and B. The quantum circuit
for this situation is considered in two parts, a circuit which is realised inside
the cavity to produce the photons (this involves changing the amplitude
and phase of the two time-bins), and an external circuit formed of two
‘virtual’ beam-splitters and four ‘virtual’ detectors, which are just the two

real detectors used at different times. A truth table can be drawn up to

convert the expected ‘virtual’ detector clicks to the clicks of the real detectors.

In order to obtain the cross correlations of these ‘virtual’ detectors we
return to the interference patterns shown in Section 5.4. These can be thought
of as the sum of the four possible detector cross-correlations, C1 2,34 and
C1,4,C53; the individual correlations for both perpendicularly polarized

photons and parallel polarized photons with a ¢ = 7 phase shift are shown
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B 2 4

Cavity Beam-splitter

Figure 5.12: Equivalent photonic circuits: the emission of two twin-peak photons
and their subsequent time-resolved overlap on a beam-splitter can be
represented as a ‘rail-entanglement’-type quantum circuit. Real time-
resolved detector clicks can be converted to the virtual detectors using
the displayed truth-table.

in Figure5.13. The full time-resolved correlations - which depend strongly
on the photon shape - can be summed and normalised, to give the relative
correlations between the virtual detectors (Figures5.13); in essence we have

returned to the time-binned HOM situation of Section 5.1.

5.5.2  Fidelity and Density Matriz Reconstruction

We can now use the time-binned correlation data described in the previous
section to reconstruct the density matrix of the incident photons, and thus
determine how well we can prepare the individual quantum states. The

state vector for a twin-peak photon with a phase shift ¢ can be written as
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Figure 5.13: The correlations from the time-resolved HOM interference can be split
into cases where both detectors fire in the same time-bin (brown), or
in successive time-bins (green). The continuous signal (left) can then
be simplified by comparing the total number of correlations in the four
possible cases (right). The upper plots are for perpendicularly polarized
photons and the lower for parallel photons with a ¢ = 7 phase shift.

|0) = %(AHO) + Be'®|01)), where A and B are the amplitudes of bins 1
and 2 respectively. The density matrix of this photon is therefore,

A? D - ABe'®
p=0.5- ) (5.21)

D - ABe™% B?

The values along the diagonal signify the relative occupancy of the two

time-bins and are normalised to Tr(p) = 1, whereas the magnitude of the
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off-diagonal terms relate to the coherence of the state; D = 1 implies that the
state is completely coherent, and D = 0 implies it is completely incoherent.

The diagonal terms can be determined from the number of correlations
occurring in the same time-bin, i.e the correlations C' 2 and C3 4. As there
should be no correlations for perfect parallel polarized photons, we use the
correlations from the perpendicular photons to determine these values. The
off-diagonal terms are slightly more difficult as we cannot easily differentiate
between a phase shift and decoherence. If we were to detect a normalised
number of correlations C'y 4 = 1, this could either be due to a phase-shift of
¢ = 7/2, or to a high level of decoherence in the state. In theory it should
be possible to use the correlations C1 2 and C3 4 to differentiate between the
effects of the phase shift and the decoherence, however this effect can be
small as can be seen by comparing Figure 5.2b and Figure 5.8a.

Instead, we make the assumption - justified using the results shown in
Figure5.11 - that the applied phase shift is exact and that any deviation
of off-diagonal terms from the expected value is purely due to the limited
coherence time. A further justification that the applied phase shift is exact
was provided by the HOM measurement of two photons which both had
a ¢ = m phase shift applied to the second time-bin. It was not possible to
observe any difference between this HOM signal and that observed with two
¢ = 0 photons. The difference between the observed and expected number of

correlations - and hence the off-diagonal terms - is therefore,

p(1,2) = p(2,1) = %(1 —[Re(¢)+[(Cra+Cag)/2-1]| ) ABe™, (5.22)
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where C; ; is the number of correlations normalized to the perpendicularly
polarized case C; ;|| = 1. We can therefore reconstruct the density matrix

of the photons, which in the ¢ = 7 case is,

101 —0.85
oc=05- : (5.23)

—-0.85 0.99

5.5.3 Fidelity

A useful measure of the how well a state has been prepared is the Fidelity,
the overlap of the measured density matrix ¢ with the density matrix of
a desired reference p. A Fidelity of F' = 0 implies that ¢ is orthogonal to
p, whereas F' = 1 is obtained if the states are identical. If the reference
is maximally entangled a Fidelity of F > 0.5 implies that entanglement is

present in the measured state. The Fidelity is found using the expression,
L -\ 2
F(p,6) =Te(\/v/56/p ) - (5.24)

and a value of F' = (.93 was obtained for the ¢ = 7 photon.

5.5.4 Qudit Generation

Whilst we have shown that it is possible to use time-bin encoding to represent
a qubit, the versatility of the photon generation process means that we are
not limited to a twin-peak photon, we can scale the system up adding
extra time-bins to the photon, each with their own amplitude and phase
- a necessary step in fulfilling the DiVencenzo criteria[37]. To demonstrate
this scaling ability we have produced triple- and quadruple- peak photons,

corresponding to the states:
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Photon 1

Photon 2 Beam-splitter

Figure 5.14: Triple-peak HOM: by increasing the number of time-bins of the emitted
photons from two to three the quantum circuit substantially increases in
size. There are now seven beam-splitters and six detectors in the virtual
setup whilst the real experimental apparatus remains unchanged.

|T) = [100) + €1]010) + €'¥2|001), (5.25)

|¥) = [1000) + €**1{0100) + €92|0010) 4 €**20001), (5.26)

The circuit which is used to construct and measure the qutrit is shown in
Figure 5.14, note that although we have not changed our physical apparatus at
all the ‘virtual’ circuit has expanded and we are now simulating six detectors
using only the two which are bolted to our laser table. The correlations for
the triple-peak photon are shown in Figure5.15, both as a time-resolved
Hong-Ou-Mandel and as the correlations between the six ‘virtual” detectors.

The data for the quad-peak photon ququad (Figure5.16) were only taken
in the weeks immediately prior to the submission of this thesis and so there
was insufficient time to obtain lots of beautiful results. We hope however
that the data that have been presented are clear enough to demonstrate the

technique.
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(a) Time-resolved HOM for triple-peak photons
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Figure 5.15: HOM interference for triple-peak photons of defined phase: the upper
plot shows the time-resolved correlations for photons with perpendicular
polarisation (grey) and parallel polarized photons (blue) with a phase
shift in the second time-bin of ¢; = 7 (orange) and with phase shifts
of ¢1 = /2 in the second and ¢, = 7 in the final time-bins (green).
The correlations of the virtual detections are shown in the lower plots.
Correlations are shown for the same time-bins (brown), successive
time-bins (light green) and those separated by a time-bin (light blue).

5.6 EXPERIMENTALLY REALIZEABLE CIRCUITS

It is possible to make ever more complex qudits but there is perhaps more

value in setting out the general limits on what type of circuits can be



132

CONTROLLING THE FREQUENCY AND PHASE
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Figure 5.16: Time-resolved HOM for quad-peak photons with a phase-shift of ¢ =7
in the second and fourth time-bins (green). A theoretical fit (green
shading) is shown along with the perpendicular reference (grey).

constructed; both internally - during the production process, and externally

- using linear optics.

5.6.1 Intra-Cavity Circuits

The set of possible intra-cavity circuits is defined by the properties explored
in this thesis - namely the amplitude, frequency and phase - as well as control
over the photon’s polarisation. (We have not been able to demonstrate
polarisation control as the line-width of our cavity is too large to resolve
the atom’s mp sub-levels — a necessary experimental condition — however
it has been demonstrated elsewhere [112].) One can think of the photon
as being comprised of an arbitrary number of time-bins, each one with an
arbitrary amplitude, phase, and frequency and polarisation. This control can
only be exerted sequentially however, as immediately after the photon has

been created it leaks out of the cavity. Using the notation of Figure5.17 this
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means that we can only interact rails with their nearest neighbours - the

first rail can never interact with the third.

1)

Figure 5.17: Quantum circuit for photon generation: The photon emission process
can be thought of as a set of sequential Mach-Zender interferometers
distributing the photon amongst the various rails. The relative-phase
and frequency of each rail can be set independently.

Although theoretically one could extend this ad-infinitum, in practice this
is not possible. The number of time-bins that can be produced is restricted by
limits from the type of modulator used to generate the photons (Figure 4.16),
and more fundamentally from values of x and gg. These, and the 500 kHz
decoherence, will impose an upper limit of perhaps a 10-peak photon that is
1 us long.

We should also note that the intra-cavity circuit is not fixed, the ‘circuit’
is simply a line of code in the memory of an arbitrary waveform generator.
It is quite possible to emit a string of photons each with very different
properties, for example a ‘square’ photon, followed by a 3-peak photon with
an amplitude ratio between the peaks of 3:2:1, followed by a 3-peak photon
of equal amplitudes where the central peak has a 7 phase shift with respect

to the others.
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5.6.2 External Circuits

We currently have only one limitation on the type of possible external
circuit - the time-bins of the photons cannot be re-arranged - beyond this
all arrangements of mirrors and beam-splitters are possible. Due to our
experimental arrangement we can only impose a time-delay on the entire
photon, so that the first time-bin of one photon can only interact with the
first time-bin of the next (and so on); this is how we have overlapped the

photons to perform Hong-Ou-Mandel interferometry (Section 3.6.2).

> ) v N N ™ v N
§ ¥ & @ § & ¥ &
(a) Constant Offset (b) Interleaved

Figure 5.18: Overlap of the emitted photons: with the current experimental ar-
rangement we can only be overlapped perfectly (Figure 3.20) or with a
constant offset (a). A sequential offset would allow us to interleave a
string of photons (b).

A slight variation on this is to change the timings of the photon emission
(Section 3.6.2) so that the photons do not completely overlap but instead are
shifted with respect to one another by a constant offset (Figure5.18a). By
controlling the timing in this way we can offset the photons’ arrival times
and thus interact different time-bins with one another. A simple extension
of this with multiple photons would allow us to to mediate a phase relation
along long string of photons, (shown in Figure 5.18b). If there is a detection
in both time-bin 2 and time-bin 3, then we have succeeded in entangling the
photon amplitudes in time-bins 1 and 4 despite the fact that they have never

met.
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Although our current experimental arrangement precludes overlapping
arbitrary time-bins we do not see this as an insurmountable problem. It is
envisioned that a phase-stable delay line of Atge1qy = T /2 which could be
used to overlap successive time-bins could be implemented using a similar
scheme to that used to stabilise the cavity length. The cavity stabilisation
beam upon exiting the cavity will be directly coupled into the delay line,

this could then be used to measure the phase shifts in the fibre. Feedback

could be applied using a fibre-stretcher to keep the fibre phase-stable [155].

During experimental runs this feedback could be paused using a SH circuit

(Section 2.3.3) provided the phase stability is sufficient over 20 ms.

5.6.3 Feedback

One final type of interaction is the possibility of feeding back the results of a
measurement from the external circuit onto the internal circuit. Our photons
are long - typically on the order of 100 m - which means that by placing the
external circuit close to the cavity one could perform a measurement on the

first time-bin of the photon before the second time-bin has been produced.

1)

Figure 5.19: Quantum Feedback: due to the temporal length of the photons (us) it
is possible to make a measurement on the system in the first time-bin
and then feed this back onto the STIRAP laser to change the second
time-bin. In this case, using the phase, the photons can be steered such
that one photon always exits the beam-splitter via the upper port.
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If we remove one of the two detectors in our current arrangement, and
then put a feedback onto the phase of the second time-bin one could imagine
using the effect of the Hong-Ou-Mandel interference to steer a photon out
of a particular output port of a beam-splitter (Figure5.19). In this case we
use detector 2 to project the second time-bins of the two photons into a
superposition. If we detect a photon at detector 2, we know that by applying
a 7 phase shift we can force the second time-bin of the remaining photon
out of the other port of the beam-splitter - correlations between 2 and 4 are
impossible (and vice versa). What is peculiar is that this photon has not yet

been produced, it is still just a twinkle in the eye of the AWG.

5.7 CONCLUSION

Using a time-resolved HOM two-photon interference technique we have
demonstrated control over the frequency of the single photons as well as
over the relative phase of different parts of a single photon. Two types of
frequency control were shown: the first was a simple shift of the entire
photon’s frequency, whereas the second demonstrated our ability to emit a
single photon composed of multiple frequency components. Phase control
was implemented by creating a photon that exists in multiple time-bins and
imposing a phase relation between them. By varying the phase shift between
the time-bins the photon pair correlations simulated all possible spin-statistics
from the bosonic ¢ = 0 through the anyonic 0 < ¢ < 7 to the fermionic
¢ = w. Whilst phase changes have been externally applied to a single photon
using an EOM [156] and simulated using entanglement [157, 158], this is
the first demonstration of creating a photon with an arbitrary phase profile.

This was characterized using HOM interference with a photon of fixed phase
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which allowed the density matrix of the photon to be reconstructed and the
Fidelity of the photon state preparation was found to be F' = (0.93.

Based on these results, the possibility of using these shaped and phase

shifted photons to create a simple optical quantum network was discussed.

As the effective size of the quantum network is found by the product of the
physical size and the number of time-bins used in the photon encoding, very
complex arrangements which might be used for quantum simulations seem

possible.
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In this thesis the deterministic interaction between a single atom and a single
photon has been demonstrated. This type of interaction shows considerable
promise for creating quantum networks as it allows for the inter-conversion
of static atomic qubits - which have deterministic interactions and long
coherence times - and ‘flying’ photonic qubits which can be used to distribute
quantum information between distant nodes [99]. In addition to this promise
the atom-cavity system has been shown to behave as a possible source
for LOQC displaying comparable indistinguishability to the best heralded
photon-pair sources whilst increasing the efficiency of photon production.

The photon source has demonstrated the emission of single photons at
efficiencies of up to 80 % and singleness ¢(®(0) < 0.06. These photons have
been shown to be indistinguishable with a two-photon HOM visibility of
Vapn, = 0.87. The system dynamics were numerically simulated in order to
calculate the required driving pulse to emit a photon of arbitrary shape.
Using this technique the shaping of a single photon’s amplitude has been
shown, producing simple symmetric shapes (¢ = sin?(t) and ‘square’) as
well as more complex shapes (Tower Bridge, Pyramids of Giza, Radcliffe
Camera). Finally, using time-resolved HOM it has been shown that both
the frequency and the phase of the single photons can be controlled with
a fidelity of F' = 0.93, and the possibility of using this to create photonic
qubits has been discussed.

The biggest limitation of the experiment, and the main reason why the it

cannot be considered a truly deterministic photon source, is the probabilistic
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loading of an atom into the cavity. The atomic fountain loading scheme
results in an arbitrary position of an atom within the cavity mode - causing
imperfect knowledge of the atom-cavity coupling, whilst the desire to minimise
multi-atom events results in very infrequent atom loading, and thus severely
limits the times at which the source can emit photons. The solutions to these
problems would be to trap a single atom at the very centre of the cavity mode.
However as has been seen in Section 3.7, the electric fields required to trap an
atom disturb the atom-cavity interaction and limit the indistinguishability
of the source. It is hoped that future progress in the trapping community
can overcome these problems and thus bring this atom-cavity source to the

deterministic potential that has been shown here.

6.1 OUTLOOK

There are two promising routes to extend this work, the first moves directly
towards the goal of a quantum network by trying to re-absorb a photon onto
an atom in a time-reversal of this thesis, whereas the second seeks to use the

current atom-cavity system as a photon source for LOQC.
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Figure 6.1: Connecting multiple cavities: to interact two atoms located in distant
cavities one can either map the state of the atom onto a photon and
subsequently map this photon onto the second atom (left), or one can
perform a teleportation experiment using a pair of photons entangled
with the two atoms (right).



6.1 OUTLOOK

6.1.1 A Network of Multiple Cavities

There are two distinct methods for transferring quantum information between
two atoms. The first method is to perform a Bell state teleportation by
performing a joint measurement on a pair of photons - one photon from each
atom [88]. The second method is to map the state of the first atom onto a
photon, transmit it to the second atom and re-absorb it, thus transferring
the quantum state to the second atom. This has been demonstrated for weak

coherent pulses [117, 118] but as yet never for single photons.

Figure 6.2: Progress towards a network of cavities: initial attempts have been made
to map the state of the atom onto a photon and then back onto the same
atom using a delay line (left), while a second cavity is being constructed
(right).

Before attempting to re-absorb a photon in a second cavity, a sensible first
step is to show that it is possible to re-absorb the photon onto the same
atom from which it was emitted. Once an atom has emitted a photon it is
decoupled from the system and cannot emit again until it is re-pumped to
the initial state. If however the emitted photon is re-absorbed then it will
coherently transfer the population of the atom back to the initial state and
another photon emission can occur. It is this re-emission that is proof that

the re-absorption took place.
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Our initial attempts to do this (using the theory presented in [159] and
the apparatus in Figure 6.2) have been unsuccessful - but show promise. We
have implemented a beam steering apparatus with an AOM and can observe
photons that are being sent back towards the cavity bouncing off the cavity
mirror and then on to the SPCMs, but as yet there is too much noise to be
able to observe any re-emission of absorbed photons.

We would also like to show that photons emitted from separate sources
are indistinguishable and eventually to perform a teleportation experiment
between two cavities. To this end we have started the construction of a
second system (Figure6.2) and have produced a MOT and atomic fountain,

but time pressure removed the possibility of building a second cavity.

6.1.2 A Source of Photons for LOQC

The second, and perhaps more immediately fruitful, extension of this work is
to build on the work shown in Section 5 to implement a simple optical quan-
tum network which combines the atom-cavity photon source with integrated

photonic circuits (Figure6.3).
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Figure 6.3: Using the atom-cavity photon source for LOQC: It is hoped that we
will be able to combine this photon source with waveguide quantum
circuits. The deterministic nature of our photon source, along with
the time-multiplexing, should enable complex LOQC simulations to be
performed.




6.1 OUTLOOK

With the inclusion of multiple delay-lines to increase the number of photons
which are simultaneously input to a quantum network, the potential of a
photon source which deterministically provides photons in arbitrary quantum
states is very exciting. Recent work using photonic networks and conventional
photon sources has been very successful and the increase in complexity that
seems possible with the photon source demonstrated here should allow for
significantly more complex quantum simulations.

It is hoped that in the coming years atom-cavity systems such as this can
fulfil some of their enormous promise and enable scaleable quantum networks

to advance the discovery of as yet unimagined physics.
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