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Summary

Quantum optics is one of the most attractive fields today showing immense potential
in global applications. The fundamental resource here, is a single photon, which is the
quantised state of light. Several high quality sources have been developed using a spon-
taneous parametric down conversion (SPDC) process, however, an ideal SPDC source
is far from being realised. Depending on the application, a trade-off in the quantum
features must be introduced to successfully implement such sources.

In the first part of this dissertation, we present a ”plug-and-play” source of telecom
wavelength heralded single photons developed on a periodically poled lithium niobate
waveguide platform. The adopted fabrication and pigtailing protocols are discussed.
Finally, the source is mounted in an alignment-free package and is designed to show
desirable quantum properties, thus making it suitable for long distance applications.
Classical and quantum characterisations are performed to benchmark the source quality.
This device presents high stability and ease-of-use, together with quantum performances
which exceed by far the packaged devices shown in literature. Owing to mature source
engineering technology, a complete flexibility over a large range of PDC wavelengths is
possible and by using a variety of filters, source properties can be tailored.

The second part of the thesis focuses on an efficient tool for characterisation of photon
pairs generated through SPDC in the spatial and spectral degrees of freedom. We utilise
compressive sensing (CS) and a time-of-flight spectrometer to demonstrate a proof-of-
principle measurement to discretise high-dimensional states with billions of elements. We
experimentally demonstrate the benefits of using CS as opposed to conventional methods.
The simplicity and robustness of this technique opens the possibility of realising complex
photonic states in quantum protocols.






Zusammenfassung

Die Quantenoptik ist eines der attraktivsten aktuellen Forschungsgebiete, das ein im-
menses Potenzial in globalen Anwendungen aufweist. Das grundlegende Element ist hier
ein einzelnes Photon, der quantisierte Zustand des Lichts. Mehrere qualitativ hochwer-
tige Einzelphotonen-Quellen, basierend auf einem Parametrische Fluoreszenz (SPDC)-
Prozess wurden bereits entwickelt, eine ideale SPDC-Quelle ist jedoch noch lange nicht
realisiert. Deshalb muss, je nach Anwendung, ein Kompromiss bezliglich den Quan-
teneigenschaften eingegangen werden, um solche Quellen erfolgreich zu implementieren.

Im ersten Teil dieser Dissertation stellen wir eine ” Plug-and-Play”-Quelle fiir Einzelpho-
tonen, sogenannte ”heralded single photons” im Bereich der Telekom-Wellenlangen vor,
die auf der Plattform von periodisch gepolten Lithiumniobat-Wellenleitern entwickelt
wurden. Die angepassten Herstellungs- und Faserkopplungsverfahren werden diskutiert.
Schliefllich wird die Quelle in einem justagefreien Gehéduse montiert und so konzipiert,
dass sie die gewlnschten Quanteneigenschaften aufweist, wodurch sie fiir Anwendun-
gen iiber grofle Entfernungen geeignet ist. Klassische und Quanten Charakterisierungen
werden durchgefiihrt, um die Qualitat der Quelle zu bewerten. Dieses Bauteil zeichnet
sich durch hohe Stabilitdt und leichte Bedienbarkeit aus, in Kombination mit Quanten
Figenschaften, die weit iiber die in der Literatur gezeigten integrierten Bauelemente hin-
ausgehen. Dank ausgereiften Optimierungstechniken ist eine hohe Flexibilitat iiber einen
groBen Bereich von PDC-Wellenldngen moglich und durch den Einsatz verschiedener Fil-
ter konnen die Eigenschaften der Quelle zielgerichtet angepasst werden.

Der zweite Teil der Arbeit konzentriert sich auf eine effiziente Methode zur Charak-
terisierung von Photonenpaaren, die durch SPDC in den rédumlichen und spektralen
Freiheitsgraden erzeugt werden. Mit Hilfe von sogenanntem Compressive Sensing (CS)
und einem Laufzeit-Spektrometer demonstrieren wir eine Proof-of-Principle-Messung zur
Diskretisierung hochdimensionaler Zustande mit Milliarden von Elementen. Wir zeigen
experimentell die Vorteile der Verwendung von CS im Vergleich zu herkémmlichen Meth-
oden. Die Einfachheit und Robustheit dieser Technik eroffnet die Moglichkeit, komplexe
photonische Zustinde in Quantenprotokollen zu realisieren.






Part A.

High-efficiency fibre-pigtailed
heralded source of single photons






Chapter 1

Introduction

Over the last few decades, quantum information technology (QIT) has gained a lot of
attention in research communities [1,2]. At its core, QIT deals with the manipulation
of information into quantum resources to perform tasks that are deemed otherwise im-
possible in a classical context [3]. The promise of this technology is profound for future
innovations such as in secure communication [4, 5], computing and simulation [3,6-9],
non-classical spectroscopy and imaging [10,11] etc. The key conceptual block to QIT is
the unique properties of quantum states, like superposition and entanglement. Several
physical systems like trapped ions [12], nuclear spins and semiconductor circuits were ex-
ploited as tools to test the capabilities of QIT, however over time it was photons [5,13-15]
that played the leading role.

Photons, the fundamental constituent of light, holds several inherent advantages over
other particles: i) they propagate at extremely high speeds, ii) they can be easily trans-
mitted through freespace and fibre optic networks [4,16,17] iii) they are inert to environ-
mental noise and hence suffer from low losses and iv) they can be easily manipulated [18].
The basic building block of an optical QIT device is a ”single photon source” [19-22] that
is capable of emitting a single photon on demand at any given time. An ideal source [23]
will produce single photons with long lifetimes and that are completely indistinguishable
with zero probability of multi-photon components. Realisation of such a source is ex-
tremely hard but several deserving candidates have emerged recently that have shown
great potential in quantum experiments.

Practical single photon sources are divided into two:

1. a single quantum emitter that can be developed on several platforms like quantum
dots [24-26], defect centres [27-30], nanowires [31,32] etc.

2. a heralded photon source that exploits nonlinear quantum processes like sponta-
neous parametric down conversion (SPDC) [33-39] and four-wave mixing [40,41].

In this work, we focus on SPDC-based sources to generate high quality quantum states
of light. Here, low energy photon pairs are created from the interaction between a
nonlinear medium and a high energy pump photon. For these sources, the generation
of photons are probabilistic, rather than deterministic. This process was predicted in
1961 by Louisell et al [42], following which, in the year 1969, Klyshko and Zeldovic [43]
experimentally demonstrated an SPDC-based source of quantum light. Burnham et
al [33] in 1970 first reported the existence of correlations between the photon pairs
emitted from an ammonium dihydrogen phosphate crystal. Since then, SPDC has been
the central ingredient for a variety of quantum applications. SPDC is produced in several
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material platforms like microresonators [44,45] and semiconductors [46,47]; however, in
dielectric media, the most common SPDC-based sources come in periodically poled bulk-
(freespace) or waveguide- (integrated) material systems. When constructing a quantum
source, this is one of the most critical choices to be made as the performance metrics
vary significantly between the two.

Traditionally, SPDC-based single photon devices were built using bulk crystals, since
freespace alignment of sources offer many advantages over integrated systems: a) the
guiding medium is air, losses are minimal; b) freespace optical components are read-
ily available; c¢) spatial and spectral properties can be easily manipulated and d) the
alignment strategies are well understood. Generation of photon pairs at telecom wave-
lengths from periodically poled bulk crystals was initially attempted by Albota et al [48]
to benchmark its performance for quantum optical communication systems. The overall
design efficiency and photon generation rates reported were low, but it provided valuable
insight to the challenges that need to be overcome such that quantum optical techniques
can be considered as a viable solution for real-world applications. Several research groups
began investigating various material systems to improve these metrics and optimise pho-
ton collection efficiencies. Ljunggren et al [49] first addressed the effect of focusing
conditions of the input beam on the coupling efficiencies between photon pairs emitted
from bulk sources and fibres under collinear emission conditions. Theoretical simulations
suggested that by engineering the input mode with respect to the fibre modes, coupling
efficiencies > 93 % can be achieved irrespective of the crystal length. Experimentally
however, the pair coupling efficiency into a single-mode fibre reported was only 11 %.
Similar studies on the importance of spatial mode matching and spectral mode selection
for high efficiency sources were put forward by Castelleto et al [50], where they were able
to experimentally improve their source efficiencies after significant post-processing.

So far, the best efficiency sources are obtained with bulk crystals; capable of produc-
ing high quality, non-degenerate, polarisation-entangled sources [51,52]. However, bulk
sources have serious drawbacks like lack of integrability and scalability, low photon pair
generation rates, substantial space requirements and multimode outputs. A common
method to assure good mode preparation for interference experiments in such sources is
to use strong spatial and spectral filtering, at the cost of generation rates of useable pho-
tons. A more efficient method is the use of waveguides for optimal light guiding and high
nonlinear conversion efficiencies achieved through large intensity optical confinement.

Waveguide-based sources have much to offer in terms of inherent spatial mode filter-
ing [53], decorrelation of spatial and spectral degrees of freedom and increased source
brightness. Apart from this, with mature fabrication techniques, photonic waveguides
show the capability of high-level integration of multiple components on chip [54-56] and
compatibility with existing fibre networks [57-60]. The highest waveguided SPDC effi-
ciency of 85 % was seen in 2004, reported by U'Ren et al [37]. The source was realised
through a type II SPDC interaction in a periodically poled potassium titanyl phosphate
waveguide to produce 800 nm photons. The first promising efficiencies for sources oper-
ating in the telecom regime was obtained by Alibart et al, with efficiency of 38 % for a
non-degenerate source at 1550 nm by heralding photons at 1310 nm wavelength [61]. The
best configuration for telecom photons was achieved by Zavriyev et al in 2007 [62] by
heralding the photons in the visible, where single photon detectors are more efficient. A
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list of sources and their relevant properties with respect to this thesis is shown in Table
4.2.

Here, we present a ”plug-and-play” photon pair source that is capable of producing
telecom photons whose quantum properties can be tailored in the spectral domain by
temperature tuning and photon indistinguishability by spectral filtering. The source is
engineered on a periodically poled titanium-indiffused lithium niobate (Ti:PPLN) waveg-
uide platform due to its inherently low losses and high nonlinearity. The fabricated de-
vice is completely free of bulk components; made possible by the use of fibre pigtails
permanently attached at the input and output faces of the waveguide. Photon splitting,
routing and filtering is also performed using commercial telecommunications components
available in the market. By attaching a pumping laser at the input and single photon
detectors at the output, the final alignment-free source package is extremely simple to use
within or outside the lab for long distance quantum applications and proof-of-principle
experiments.The resultant source shows high heralding efficiencies and brightness, only
limited by the losses of the fibre-optical elements.

Organisation of Part A: Chapter 2 describes the theory behind nonlinear optical
processes and source engineering strategies used within this part. A brief overview
on spontaneous parametric down conversion (SPDC) and tools required to characterise
SPDC sources are explained. In Chapter 3, we introduce the fabrication procedures
and techniques we adopted to ensure best possible performance of the source. The clas-
sical and quantum characterisation outcomes are discussed in Chapter 4 along with a
short comparison of state-of-the-art sources already presented by various research groups.
Chapter 5 focuses on the need for filtering and its effects on the quantum characteristics
of the source, namely heralding efficiency and spectral purity. The unsolved mysteries
in terms of source performance and future outlook is presented in Chapter 6. Chapter 7
summarises the results and discussions in this part.






Chapter 2

Foundation

2.1. Nonlinearity in materials

Nonlinear optical processes heavily rely on the response of a material to an external
electric field. When electromagnetic waves travel through a dielectric medium, their
electric field induces a dipole moment to the atoms in the path of the radiation. In
the case of linear optics, the induced dipole moment per unit volume, or polarisation
(P(t)) depends linearly upon the strength of the external electric field E(t) that can be
described as

—

Pr(t) = eoxVE(t) (2.1)

where E(t) is given by E(t) = E exp(iwt), E is the time-dependant amplitude of the
electric field component, x(!) is the first-order (or linear) electric susceptibility which is
related to the refractive index (n) of the medium, B =n2 -1 and ¢ is the vacuum
electric permittivity. These linear effects occur as long as the external electric fields are
of sufficiently low strengths, such that the system behaves like a harmonic oscillator. In
this case, the input and output optical frequencies do not change on transmission, like
in common optical components such as mirrors, lenses, waveplates etc. However, when
high intensity electromagnetic radiation is introduced to certain materials, the induced
polarisation no longer follows a linear relationship, but a nonlinear one (given by a power
series expansion) with the applied electric field E(t)

—

P(t) = eo(xWE(t) + XPEQ)E®) + XD E®E@®)E(t) + ...

- - (2.2)
= PL(t) + PNL(t)

—

Pyi(t) = eoxPE®)E(t) + XD E®)EW#)E(t) + ...) (2.3)

The first term in Equation 2.2 corresponds to the linear polarisation shown in Equation
2.1. The rest of the terms contributes to the nonlinear polarisation Py, (¢) induced within
the medium (See Equation 2.3). The quantites ¥ and Y are the second- and third-
order nonlinear susceptibilities which causes interesting phenomena in nonlinear crystals.

In classical and quantum optics, second-order nonlinear materials, commonly referred
to as X(Q) materials, play an important role in frequency conversion processes. In this

10
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work, we exploit second harmonic (classical) and spontaneous parametric down conver-
sion (quantum) processes in crystalline dielectric media, which are produced as a result
of this effect. The third-order term is associated with third-harmonic generation, for
e.g. Kerr effect, self-phase modulation etc. where there is an intensity dependent change
in the refractive index of the material. Since higher-order x processes are significantly
less probable in X(Q) materials like lithium niobate (optical material used as the active
medium in our source), we neglect all the higher-order terms for further discussions.

Nonlinear processes in y(2) materials can be understood in more detail by considering
a circumstance in which the incident optical field consists of two distinct frequency
components given by

E(t) = Ej exp(iwt) + Es exp(iwst) + c.c. (2.4)

where, 4 and F> are the amplitudes of the interacting electric fields; w1 and wo are their
corresponding frequencies respectively. In some cases like second harmonic generation,
wy is equal we as shown in Figure 2.1. Considering only the second-order nonlinear

(a) (b) ©

w
w ) 2w ! 2 W;=Ww;+ W, 2 W;=Ww; - W,
X —> X( ) —> X( ) 3
— > — >

w, w,

w 5 W, w

w W= W, + W
A R ! Wy= W - W,
w w,
\ A _ vy

Figure 2.1.: Nonlinear frequency conversion processes: (a) second harmonic generation, (b)
sum-frequency generation and (c) difference-frequency generation.

response of the active material, the nonlinear polarisation term in Equation 2.3 becomes

PO () = eoX(Q) [E% exp(2iwi t) + c.c] (SHG)
+ ecox P [E3 exp(2iwat) + c.c.] (SHG)
+ eox! [2E1E2 exp(i(wy + wa)t) + c.c. (SFG) (2.5)
+ €ox! [2E1E2 exp(i(wy — wa)t) + c.c.] (DFG)
+2e0X P [E\Ef + EyE} + c.c] (OR)

We have labeled each part of the Equation by the name of the physical process that it
describes, such as second harmonic generation (SHG) (See Figure 2.1 (a)), sum-frequency
generation (SFG) (See Figure 2.1 (b)), difference-frequency generation (DFG) (See Figure
2.1 (c)) and optical rectification (OR).

Despite the presence of different non-zero frequency components in the expression
for nonlinear polarisation, typically only one of the processes will occur with sufficient
intensity. This is because every conversion process obeys a different phasematching rule;
therefore under a defined set of conditions, only one phasematching rule is satisfied within
the dielectric medium. Experimentally, different frequency conversion processes can be

11
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accessed by manipulating the polarisation of the input fields and by the orientation of
the nonlinear crystal. All the afore-mentioned processes must fulfil the energy (Equation
2.6) and momentum (Equation 2.7) conservation equations,

Z hwinput = Z hwoutput (26)

Z hginput = Z hEoutput (27)

where k is the momentum vector given by

o 2mA(N) | wii(w)
F= T = (2.8)

A is the wavelength of the photon and c is the vacuum speed of light.

Spontaneous parametric down conversion (SPDC), otherwise known as optical para-
metric generation is a special case of DFG, where a high energy input (pump) photon is
destroyed within a nonlinear medium to generate a pair of lower energy daughter pho-
tons, namely signal and idler. The classical representation of SPDC generated photons
to a DFG process can be understood from Figure 2.1(c) by taking the signal frequency
as ws = wo and idler frequency as w; = w; — wy. Both photons can have same- (degen-
erate) or different- (non-degenerate) energies depending on the operating conditions of
the process. In Section 2.36 the SPDC process will be explained in detail, but first we
take a look at the coupling equations of different fields in nonlinear materials.

2.2. Lithium niobate waveguides

Lithium niobate (LN) is an attractive material for integrated optics because of its ex-
cellent electro-optic and nonlinear optical properties. It is naturally birefringent and
exhibits very strong photovoltaic and photorefractive effects. The crystallographic struc-

Cation
motion
during

domain
reversal

Figure 2.2.: The atomic structure of LN before (a) and after (b) the application of an external
electric field [67]. The displacement along the crystallographic axis of the Nb (green) and Li
(grey) atoms from their positions causes a reversal of the spontaneous polarisation.

12
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ture of LN consists of planar layers of oxygen atoms forming a centrosymmetric array.
The octahedral interstices formed are one-third filled by lithium atoms, one-third filled
by niobium atoms and one-third vacant. This causes a slight displacement of Li and
Nb from the centrosymmetric position relative to the oxygen octahedral along the c-axis
resulting in a spontaneous polarisation along this direction as shown in Figure 2.2 a.

Figure 2.2 a) shows the crystallographic structure of lithium niobate with its sponta-
neous polarisation along the +c axis. Being ferroelectric, it is possible to reverse this
spontaneous polarisation by the application of an electric field as (described in Section
2.3) shown in Figure 2.2 b), a method commonly referred to as periodic poling. By
engineering the poling structures, various interactions can be exploited to develop highly
tunable nonlinear devices.

Fabrication of waveguides in LN is a primary requisite for its application in the field
of integrated optics. Waveguides provide confinement to electromagnetic waves in one-
or two- dimensions thereby enabling the transmission of light to long distances with
minimal losses. Apart from this, waveguides also provide a medium for large intensity
confinement resulting in high efficiencies for a variety of frequency conversion processes.
In LN, waveguides are commonly introduced into the substrate either by an indiffusion
of a high refractive index material or by a proton exchange method. In this work, we use
titanium indiffused waveguides in LN to produce telecom photons by exploiting a type II
SPDC process. The fabrication methodology for these waveguides are extremely mature
resulting in robust and reliable structures. These waveguides can guide both - TE and
TM polarisations with very low propagation losses, thereby making them an excellent
candidate for quantum processes.

2.2.1. Waveguide model - indiffused structures

Due to the high versatility of LN, tremendous research has been conducted to induce
localised changes in its optical properties. Literature reveals much investigations being
performed by the indiffusion of a variety of metals like Ti [68-72], Mg [73-76], Ni [77,
78], Zn [79-81], Cr [82,83], V [84,85], Hf [86-88] and In [89,90] into LN. One of the
most desirable requirements was to produce a light-guiding medium or a ”waveguide”
by introducing a small change in the refractive index of the substrate. We study the
local indiffusion of titanium into a LN crystal to form channel (Ti:LN) waveguides on
the surface of the substrate. This method has received much attention since 1974 [91]
because Ti incorporation yields a good light confinement with sufficiently large increase
to both ordinary and extraordinary refractive indices.

Ti waveguides in LN are fabricated by depositing a Ti layer of a certain width (wp;(z))
and thickness (77;(y)) on the surface of the substrate. This forms a finite Ti reservoir
along the z- and y- directions, which on indiffusion, forms a waveguiding structure of
higher refractive index than the substrate. Considering the surface concentration of Ti
to be ¢y and the diffusion time to be t, the concentration profile of Ti after in-diffusion
(cri(z,y,t)) obeys the Fick’s laws [92] and hence follows a two-dimensional diffusion
equation written as

a2CTi (l‘, Y, t)
0z

aQCTi (fL‘, Y, t)
Oy?

8CT1' (.’E, Y, t)

ot

(2.9)

+ D,

13
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where D, and D, are the diffusivities of Ti in LN given by D, ,, = Dy, o exp(—=To/T), T
is the absolute temperature, 7Ty is the temperature related to the activation energy of the
diffusion process and cr;(z,y,t) = cof(x,t)g(y,t). The solution for f(z,t) and g(y,t) for
long diffusion times can be obtained from Equation 2.9 [69,92] as

- o) v (522

o) = - fp)

where d; and d, are the diffusion lengths along the z- and y- directions respectively. The
total Ti-concentration (after indiffusion) per unit length along the propagation direction
is given by an integration of Equation 2.10, [ [ cpi(z,y,t) dedy = /meodywri/2 and ¢
is given by co = 2ppiTri/(\/7dy), where pp; is the bulk density of titanium [93].

The principle behind Ti:LN waveguide formation lies in the localised increase of the
refractive index, on;(\, cr;), due to the indiffusion process of Ti. The resultant refractive
index of the waveguide n;(A, cp;) can be written as the sum of the bulk refractive index
np,i(A) and the corresponding localised change due to indiffusion.

(2.10)

ni(/\, CT,'> = ’17,371'()\) + (5?%(/\, CT,'> (2.11)

where on;(\, cp;) depends on the dispersive properties and the Ti-concentration profile
of the waveguide. The subscript ¢ stands for the two guided polarisations - TE (ordinary
(0)) and TM (extraordinary (e)). This index change was modelled as a function of
wavelength (A) and concentration (cp;(x,y)) as follows:

0.839 A2
1) e — o ‘/e 1\ Ly
ne =32 o065 "¢ Ti(®Y) (2.12)
bng = — 03X )05 |
° = X2 0.08066 o T

where V, and V, was experimentally determined to be V, = 1.2 x 10722 ¢cm? and V, =
1.3 x 1072° cm?® [93-95]. From Equation 2.12, we see that on indiffusion, the change
in the refractive index in the extraordinary polarisation is linear and the ordinary one
follows a power law with a power of 0.55. Figure 2.3 published in Reference [95] shows
the trend followed by the refractive indices on increasing Ti-concentration.

Next, we study the guided spatial mode distributions within the waveguide. Using
Maxwell’s Equations, we described the electric field of an electromagnetic wave in Equa-
tion 2.17 given by E}(F, t) = Ej(z)g;(a:,y) expli(w;t — (Ejf’)] Considering that we have
a lossless medium (which is approximately the case in our waveguides) and that Ti-
indiffused structures form weakly guiding structures, we can restrict the propagation of
em-waves to the z-direction with a time-invariant electric field,

— —

E(z,y,z) = &(z,y) exp(—ikj.z)+ c.c. (2.13)

where k; . is the propagation constant of the guided modes in the z-direction, sometimes
referred to as ;.. Similarly the magnetic field is given by

H(z,y,z) =H(z,y) exp(—ikj.z) + c.c. (2.14)

14
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Figure 2.3.: a) Experimental results showing the dependance of ordinary (x marks) and ex-
traordinary (points) refractive index on the Ti-concentration (here, ¢, = ¢r;). Calculated values
from Equation 2.12 are shown in solid lines [95].

Since the Ti-diffused profile does not change along the propagation direction, we have
0E(x,y)/0z = OH(x,y)/0z = 0. Due to our waveguide model, we get quasi-transverse
electric (QTE) and quasi-transverse magnetic (qTM) terms [95,96] by inserting Equation
2.13 - 2.14 to the Maxwell’s Equations given by

0* o 2/, 2 2
qTE: [(%2 + o2 + kg (np,, — ”eff,o)] Ex =10
2.15
. O npe P 5 2 _ (2.15)
qTM : ax2 n2 8y2 + kO(nB,e — neff’e) %I =0
B,o

By using mode-solvers like RSoft, we solve for these qTE and qTM modes using finite
element method (FEM) to determine the guided modes in a waveguide under a set of
fabrication parameters. In the rest of the thesis, we refer to the qTE and qTM modes
as TE and TM modes respectively.

2.2.2. Coupled wave equations

The coupled wave equations are used to analyse how electromagnetic fields interact in
a nonlinear environment. The classical representation of DFG and SPDC processes are
similar, hence for simplicity a DFG interaction is considered to express the coupled-wave
equations (any deviation from the two is outlined). Using Maxwell’s Equations, we can
derive the following nonlinear wave equation for a dispersionless medium

a2 - 47 9% -
———E(Ft)+ - -5 E(F,t) = ——5 — Pnp(t 2.16
dr? () + c2 Ot? (%) c2 Ot2 NL(t) (2.16)

So far, for simplicity, we have considered only the effect caused by the temporal evolution

of an electric field (See Equation 2.4). However, E(7,t) in Equation 2.16 requires a full
description of £ which can be obtained after considering the spatial evolution of the field
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as well. The expression for the electric field is re-written as
E;(7,t) = E;(2)€;(x,y) expli(wjt — k7] + c.c. (2.17)

where the subscript, j = 1,2,3,... is used as a notation for the interacting fields, 7 is
the vector describing the spatial component, c‘?j(x,y) exp(—i(EjF)) is the spatial mode
distribution of the field in the medium, exp(iw;t) is the temporal evolution of the field
and F;(z) is the space-dependent electric field amplitude for a field propagating along the
z direction. gj is the wave-vector of the propagating field (See Equation 2.8) described
as Ej(wj) = “Lji;(w;j) where, 7i(w) is the frequency-dependent refractive index of the
medium. As shown in Section 2.1, this k-vector has a crucial role to play in frequency
conversion processes, since it forms the basis of momentum conservation of the different
interacting fields in an optical medium. The momentum conservation for three interacting
fields (See Figure 2.1) is expressed as

— — —

Alki(wi) — k2(w2) — k3(ws)] =0 (2.18)

where El,g(wl,g) are the input k-vectors and ks(ws) is the output k-vector for DFG (in
SPDC, Ky (w1) is the input k-vector and E273(CL)273) are the output k-vectors).

The polarisation term (P(t)) is the same as shown in Equation 2.5 (DFG). Using the
definition for the field vectors in Equation 2.17, and by restricting the propagation of
the jth field in the z direction (collinear propagation of all fields like in waveguides), the
amplitude of the nonlinear polarisation for each field is dependent on the field amplitudes

of the other fields. The amplitudes of the polarisation terms become
Pi(z,t) = eox P By (2) E3(2)E(x, y)Es(w, y) expli(wit — (kg + k3)2] + c.c. (2.19)

Py(z,t) = eox VB (2) 5 (2)E1 (2, y)E3(2, ) expliwat — (k3 — k1)2] + c.c. (2.20)
P3(z,t) = ecox P B (2) ES(2)E1 (3, ) Ex (2, y) expliwst — (k1 — kg)2] + c.c. (2.21)

When the active medium (e.g. in lithium niobate) shows normal dispersion effects on

(2)

the interacting fields, meaning when x; ik does not depend on the interacting frequencies,

we use the tensor

o)
dijr = 3 Xijh (2.22)

Here, d;ji; is a tensor matrix representing the (lack of) symmetry of the crystalline non-
linear material and the polarisation-dependent parametric interaction. Dependent on
the type of interaction in the optical medium, the d;;; matrix is reduced to a set of
specific components called d.;s which acts as the effective nonlinear optical coefficient
of the process, given by d.rr = 2/md;ji,. Hence, Equation 2.19 - 2.21 becomes

Pi(z,t) = 2eode s Eo(2) E3(2)E2(x,y)E3(x, y) expli(wit — (ko + k3)z] + c.c. (2.23)

Py(z,t) = 2eqde s Er(2)E3(2)E1 (2, y)E3(x, y) expli(wat — (k3 — k1)z] + c.c. (2.24)
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P3(z,t) = 2eode s E1(2) B3 (2)E1 (2, y)Ea(x, y) expli(wst — (k1 — k2)z] + c.c. (2.25)

By substituting Equation 2.23 - 2.25 into Equation 2.16 and by performing certain ap-
proximations (see Reference [63] for the whole description), we get the coupled amplitude
equations for the three fields as

ab;lz(z) = —ik10* E3(2)E3(2) exp(—iAkz)
a%z(z) = —ikg¥* E3(2)E1(2)* exp(—iAkz) (2.26)
8E33§Z) = —ikgVE1(2) B2 (2) exp(—iAkz)

where Ak = k1 — ko — ks = 2%(% — % — K’—i) is the phasematching term which equates to

zero under perfect circumstances, ¥ is the overlap integral between the three fields and
K is the coupling constant given by

Rj = (2.27)

nlngngceo)\?

where j = 1,2,3 representing the different fields. Assuming that the interacting fields
are normalised, the overlap integral 9 is expressed as

T / /gl(x,y)gg(x,y)gg(x,y) dzdy (2.28)

—00 —0O0

which provides us with the area of overlap (A.s¢) between the interacting fields given by
Acpr = Y72, These equations form the basis of guided wave optics and on incorporat-
ing the properties of the optical medium, we can tailor the nonlinear optical responses
through device engineering.

2.3. Quasi-phasematching

As shown in Equation 2.8, the wave vector for each field is not a constant due to the dis-
persion effects in dielectric materials. This results in a residual phase mismatch between
the interacting fields in a DFG process given by Akprg = k(w1) — k(w2) — k(w1 — w2)
from which we can determine the phase relation of a SPDC process,

Aksppc = k(wp) — k(ws) — k(wi) # 0 (2:29)

In order to compensate for the phase mismatch in nonlinear optical materials, a process
known as quasi-phasematching is introduced. This method can be implemented on fer-
roelectric materials that already have an orientation of spontaneous polarisation (along
the crystallographic (c or z) axis) which can be periodically inverted on the application
of external electric fields. This applied field depends on the coercive field of the crystal
and is usually of the order of a few kV. The periodic inversion of the ¢ axis causes a
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a) with perfect phase-matching = ]
b) with quasi-phase-matching
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Figure 2.4.: The plot [64] shows the amplitude of the generated field under three conditions: a)
with perfect phasematching, there is a linear increase in the output field with propagation length,
b) with quasi-phasematching, there is a slower rise in the generated field strength which shows
a periodic increase with twice the coherent length buildup and c) with a wavevector mismatch,
the output field oscillates periodically with propagation distance.

periodic inversion of the nonlinear coupling coefficient d.f¢; which in turn compensates
for the phase mismatch in the propagation medium. Figure 2.4 shows the dependence of
the generated field with respect its propagation length within the medium under three
conditions: a) with perfect phasematching i.e. Ak = 0, b) with quasi phasematching,
i.e. Ak = 2% , where A is the constant of periodicity and ¢) with a wavevector mismatch,
i.e. Ak # 0. In the plot, the L., is the coherence length of the generated field given by
Leon = 7/ Ak.

To understand quasi phasematching in detail, we consider a grating with a periodic
spatial variation along the propagation length z. This results in an alternation of the
nonlinear coupling coefficient along the same axis as shown below.

m=0oQ

d(z) =dess Y Grexp(ikmz) (2.30)

m=—0o0

where m is the order of the Fourier series, k,, = 2mm/A is the grating period and
Gy, is the amplitude of the mth order Fourier coefficients given by G,, = 2/(wm) -
sin(mm/2). The coupled amplitude equations shown in Equation 2.26 remain the same
even for quasi phasematched processes except d.rs and Ak is replaced by dg and Akg
respectively where dg = deffGp, and Akg = kp — ks — ki — ka,m. Since the nonlinear
coefficient decreases with increasing order of the frequency conversion process, it is most
desirable to achieve quasi phasematching through a first-order (m = 1) interaction. In the
fundamental case, the effective nonlinear element is dg,1 = %de tf and the phasematching
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condition is Akg1 = kp — ks — ki — 2% In SPDC, A will follow the relation shown in [64]

27
A= m = 2Lcon (2.31)
Equation 2.31 has huge implications in tailoring the classical and quantum frequency
conversion processes. Using Sellmeier equations [65,66] to calculate the bulk refractive
indices of lithium niobate (optical medium used in this work) and the energy conservation
in Equation 2.6, we can estimate the poling periods required for type 0 / II (refer Section
2.36) SHG, SFG, DFG and SPDC processes quite accurately.

2.4. Spontaneous parametric down conversion

As mentioned in Section 2.1, spontaneous parametric down conversion is a special case
of a DFG process when the amplitude of the input field corresponding to ws is reduced
to zero. In this case, the DFG process is suppressed; however the non-zero vacuum

b) Energy conservation

A
W;
a) SPDC in PPwg w,
w
S
(2) - 1 ¥
w, X W
— Wp= Wi + 0
A Ws ¢) Momentum conservation
k, .
— —>
ki ko kg
k, =k +k,+kg

Figure 2.5.: a) Spontaneous parametric down conversion (SPDC) in a periodically poled waveg-
uide (PPwg) and conservation laws in SPDC: b) energy conservation and b) momentum conserva-
tion between interacting pump and generated - signal and idler fields. In momentum conservation,
we have drawn the phase diagram for a waveguided optical medium with a poling period of Ag
having a k-vector, kq.

fluctuations induces a spontaneous decay of some of the high energy photons (w;) to
lower energy photons ws and ws. This is purely a quantum effect, known as spontaneous
parametric down conversion (SPDC). Since vacuum fields are completely random, SPDC
will occur for any wy that obeys the energy conservation law. Despite the creation
of these lower energy fields, a detectable output can be generated only if these fields
constructively interfere within the optical medium; meaning the process needs to be
phasematched. The energy and momentum conservation rules are specified in Equation
2.6 - 2.7. The depiction of these fundamental laws are as shown in Figure 2.5.
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2.4.1. Theoretical background

SPDC is a three-mode optical process where a high-energy pump photon in one mode
(wp) decays into two low-energy daughter photons in different modes (w, and w;) where
the conservation laws in Figure 2.5 are obeyed. The quantum mechanical notation, i.e.
Hamiltonian for SPDC can be derived from the quantisation of classical electric fields
interacting within a nonlinear medium and propagating in the z-direction (as is in the
case in waveguides). The induced second order polarisation operator becomes

PO (z,1) = 2e0desp B2 (2, 1) (2.32)

where E(z,t) is the quantised electric field given by E(z,t) = Et(z,t) + E~(z,t). Bach
term of the electric field operator describing the interacting fields can be defined using
the creation (a') and annihilation (&) operators.

E*(z,t) = Ey / expli(k(w)z — wt)] a(w) dw (2.33)

B (2t) = B} / expli(k(w)z — wh)] af (w) duw (2.34)

describe the input and output fields respectively. In SPDC, the input (pump) field (El‘f ) is
negligibly depleted, hence it can be treated classically as E;r = Ef = ay(wp) exp(i(kyz —
wpt)), where ap(wp) depicts the envelope of the pump field. The signal (£;) and idler
(E;") fields are in the single photon levels and hence need to be quantised. The three
wave mixing of a SPDC process can be expressed using Equation 2.32 - 2.34 to generate

the following Hamiltonian

Hsppe(t) = / PO (z,)Ef (2,t)dz + h.c.
P (2.35)
= geodeff/ E}(z,t) By (2,t) B (2,t) &®2 + hc.

The quantum state produced by this hamiltonian is

tl

(1)) = exp [— % fISpDC(t’)dt’] 14(0)) (2.36)

0
where (0) is the initial quantum state.

Solving for this Equation over the entire interaction length z, the hamiltonian produces
a unitary transformation of the input vacuum state given by

0= |~ 5 (4 [ [ Hewwiatialeiads )] 2.37)

where A is the product of all the field amplitudes and f(ws,w;) describes the joint spectral
amplitude (JSA) of the SPDC process. JSA is a function that describes all the spectral
correlations between the signal and idler photons; this makes it a very effective tool to
determine various quantum properties of a source (See Section 2.5). The JSA is defined
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as the product of the input pump distribution (a;(w, = ws+w;)) and the phasematching
function (¢(ws,w;)) of the medium.

flws, wi) = ap(wp = ws + w;)p(ws, w;) (2.38)

¢(ws, w;) in a quasi-phasematched material produces a sinc-shaped output intensity pro-
file given by ¢(ws,w;) = sinc Ak(ws,w;)L/2, where L is the interaction length of the
waveguide.

2.4.2. SPDC in LN waveguides

The goal of this work is to produce a high efficiency source of single photons using SPDC
in LN waveguides. At perfect phasemathching conditions, i.e. when Ak = 0, the output
generated from SPDC was shown in [97] by formulating a simple expression:
pug _ ﬁdzf prwf; 13/2
S
6\/27T\GVD(W—2")|EOC3nSnmp Ar

(2.39)

where P;"Y is the power of signal generated in the waveguide, P, is the pump power,
GV D is the group velocity dispersion and Aj is the interaction area (in our case, the
area of the periodically poled region) of the waveguide. L and A; can be well controlled
in LN using mature source engineering strategies.

As shown in Equation 2.39, the SPDC process is dependent on the inherent proper-
ties of the material itself, its nonlinear coefficient d.ys. In LN based sources, only two
coefficients, ds3 and ds1, have sufficiently high values to trigger a nonlinear process. The
largest nonlinear coefficient in LN is ds3, which therefore produces the highest conversion
efficiency to produce single photons. The SPDC process involved is called type 0 process,
where all the interacting fields possess the same polarisation. In the degenerate case, the
generated photons are separated either by a 50:50 beam splitter, which results in the loss
50 % of the photons due to splitting conditions, hence lowering the heralding efficiency.
A more promising solution is to operate such sources to produce non-degenerate photon
pairs so they can be easily separated using wavelength-division-multiplexers, unfortu-
nately limiting their use in quantum interference experiments.

Type 2 processes use the d3; coefficient for photon pair generation, which is more than
six times smaller than ds3. In this case, the signal and idler are orthogonally polarised;
hence degenerate photons (which are crucial for interference experiments) can be easily
separated based on their polarisation. These photons have long coherence lengths in the
picosecond range and hence, exhibit low dispersion on transmission through fibres [98,99].
This process inherently produces narrowband photons as opposed to type 0 processes
that generates a broadband spectrum. Furthermore, source engineering and/or spectral
filtering can lead to generating pure states [100] which are a crucial resource for efficient
quantum interference experiments.

2.5. Characterisation of single photon sources

The performance of photon pair sources are benchmarked using a multitude of charac-
terisation techniques. One of the most important tools required for stable and reliable
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measurement conditions is a high quality means of photon detection. Below, a brief
description on the operation mechanism behind the detectors used in this experiment,
namely superconducting nanowire single photon detectors (SNSPDs), is provided. Later,
the methods of single photon characterisation is also discussed.

2.5.1. Superconducting nanowire detectors

Superconducting nanowire detectors is one of the most promising technologies invented in
the field of quantum optics and high speed optical communications [101]. This technology
came to be in the year 2001 when Gol’tsmann et al [102] experimentally demonstrated the
capabilities of a NbN nanowire at cryogenic superconducting temperatures. Since then,
the superconducting properties of various materials were investigated, especially for the
detection of telecom photons. Until the arrival of this technology, telecom photons were
detected using avalanche photodiodes that showed efficiencies upto 30 %, which caused
significant problems for the study of quantum information protocols [103-105].

Principle of operation

Superconducting nanowire detectors are made out of nanowires of Nb(Ti)N [101, 102,
106,107], MoSi [108], WSi [109] etc. that are maintained well below its superconducting
critical temperature and direct current biased close to its critical current. When a photon
is absorbed by the nanowire, a local hotspot is created which causes the transition from
a superconducting state to a normally conducting region. Due to this, the resistance
across the nanowire changes from zero to a measurable value. This is the basis of photon
detection in these type of detectors. After a certain period of time (dead time), the
nanowire cools down and returns back to its superconducting state.
The efficiency of a superconducting detector depends on three factors [101]:

— the photon has to couple into the active area of the detector, given by 7.

— the photon has to be absorbed by the material, which depends on its absorption
coefficient «

— the nanowire must then pass from the superconducting state to a resistive state,
given by its internal quantum efficiency nq

The efficiency of the detector is thus defined using the product of these three quantities,
Ndet = Tlc - @ - NQ

In the past decade, major advances have been made in the development of high quality

superconducting nanowire detectors. Present day commercial detectors show detection

efficiencies, nger > 90% [109], dead times < 10ns [110-112], jitter times < 30 ps [113] and
dark count rates near to zero [109].
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2.5.2. Quantum characterisation methods of photon sources

The quality of single photon devices are quantified using a few performance metrics (See
1) to characterise the output generation of sources. These methods are briefly shown
below.

Heralding efficiency

Heralding efficiency, also known as Klyshko efficiency [114], is the most important at-
tribute to discern the performance of photon pair sources. As described in Section 2.36,
SPDC is a process that generates a photon pair, namely signal and idler, when a pump
photon degrades within a x(?) nonlinear material. The benefit from this process arises
from the ability to determine the presence of one photon (signal) by detecting the other
(herald), known as heralding efficiency. The principle can be understood as follows:
When "N,,” pump photons are injected into a nonlinear material, the number of signal
(Ns) and idler (N;) photons created and the rate at which they are generated (N.) will
depend on the conversion efficiency of the medium, 7, and 7; respectively. In a loss-
less medium, ns = 7;, resulting in a 100 % heralding efficiency. However, since such an
ideal material does not exist, the following equations are used to estimate the heralding
efficiency.

Ns = nsNp + D1, N;i = 1iNp + D> (2.40)

Ne = nsniNp (2.41)

where D; and Dy are the dark counts measured by the detector. In our case, since we use
SNSPDs which have negligible dark counts, this term is removed in further calculations.
ns and n; are equated to
N, N,
_ — 2.42

T]S NZ ) Th Ns ( )
This shows that the heralding efficiency of the signal is dependent on the coincidence rate
between the two photons and the idler count rate; and vice versa for the idler photon.
Equation 2.42 is used later to estimate the heralding efficiencies of our source in the
experimental section.

Spectral purity

Purity (P) expresses the number of frequency modes (mode number) present in the
spectral distribution of a photon pair source. In order to determine the spectral purity,
we take the joint spectral amplitude (JSA) function shown in Equation 2.38 and perform
a Schmidt decomposition to quantise the correlations present. The JSA can be re-
written [115-118] as

flws,w;) = C’Z ckr(ws)r(ws) (2.43)
k
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where C is the normalisation constant given by C' = \/ [ dwsdw; f(ws, w;) f*(ws, wi), k is

the mode index, ¢ are the normalised eigen values of the JSA with >, |cx|* = 1 and ¢, 1
correspond to the orthonormal eigenvectors related to the JSA. The spectral properties
of the signal and idler for mode k is defined by ¢ and ¢ respectively.

The effective mode number (K) or Schmidt number [119] is defined as

1
5T Sl 240
The purity (P) of the quantum state is given by
4 1
P=) lal'= 4 (2.45)
k

Indistinguishable sources consist of only one frequency mode and hence show the high-
est purity of P = 1.

Second order correlation function

Correlations function were first introduced by Glauber [120] in 1963 as a means to char-
acterise the coherence properties of quantum states. In this work, we use the second
order autocorrelation function ¢ (1) to quantify the presence of higher order photonic
states. An ideal source will emit only one photon at a given time interval [23]; unfortu-
nately, all light sources have a non-zero probability of producing more than one photon.
Classically, the ¢(®)(7) is defined by the optical intensity [120,121]
@y . O[T +1))
g7(1) = 5 (2.46)
(I(t))

where 7 is the optical delay and I(t) is the intensity at time ¢. By applying the Cauchy-
Schwarz inequality on Equation 2.46, two general conditions are derived:

9?0 > 1, g?(r) < ¢(0) (2.47)

to explain the coherence between classical fields. A classical field of constant intensity
will have a constant correlation function g(® () = 1.

For quantum fields these inequalities need not be satisfied, therefore requiring the need
to use quantum mechanical operators to express the coherence between particles. Hence,
g (1) for single-mode light fields is described using the creation (a') and annihilation
(a) operators.

/\’i‘ /\T A~ ~
@y _ J (At a (7 +val(t)a(r + t)a(t))
9 7(1) = . (2.48)
| [{dt af(t)a(t)) |2
In SPDC (refer to Figure 2.6), the output modes are described as
N 1. . . 1 . R
az = —=(a1 — az) ags = —=(a1 + asz) (2.49)
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Figure 2.6.: Quantum mechanical operators - creation and annihilation, involved in a photon

pair generation process. di/p are input modes and &;/4 are output modes. In SPDC, a; = a,,

as = 10), &;ﬂ) =al and d:rl = &;r, where p, s and i denotes the pump, signal and idler fields.

where the second input @s = |0) since it corresponds to a vacuum state. The second-order
correlation functions for 7 and 7 = 0 is

0) () _ (abBak(r + Haj(t)al(r +1) 250

P = a0t @ + Daalr + 1) (250
Trpyat ~ T

0y - bt L®ab®) .

9700 = Gl a0 alDas(t) (251

Since ideal sources emit only one photon per time bin, at 7 = 0, the heralded g(Q)(O)

function becomes g( )(O) = 0, which is a characteristic of a pure quantum state [122].
The marginal statistics of each single photon can be described using the second-order
autocorrelation function [123,124] given by

42(0) = <a3+( Ca0?) e <a1T< 2ai(0?)
(al(t)as (1) (@}(t)as(®))

Reference [124] shows that ¢(?)(0) is directly related to the number of frequency modes
of the quantum state,

(2.52)

1
@)y =1+ —
g0 =1+ % (2.53)

=1+P

For a decorrelated state, the the marginal statistics of a SPDC photon follows a thermal
distribution with g (0) = 2 [121]. A strongly correlated state shows Poissonian statistics
with ¢(®(0) = 1. The ¢®(0) measurement is unaffected by losses and therefore plays a
crucial role in understanding the quality of photon pair sources.

Hong-Ou-Mandel interference (HOM)

In 1987, Hong, Ou and Mandel put forward a famous interference experiment to measure
the duration of photon wavepackets in SPDC photons [125]. This technique is now
widely used as a standard method to determine the indistinguishability between photons
in quantum systems [115,126,127]. HOM interference is also unaffected by losses and
hence invaluable for the characterisation of SPDC states. The principle goes as follows:
Consider a SPDC state given by Equation 2.37

= /dwsdwif(ws,wi) lws, wi) (2.54)
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is passed through a beam splitter with reflection R and transmission 7', where R+7T =1
and ideally R =T = % as depicted in Figure 2.7. The coincidences between the two

(i) b, (ii) b, (iii) b, (iv) b
a. as; as bir as b;* as
st
. a as rll b;
Vbl,T SRy SRy i

Figure 2.7.: Four possible outcomes for when two photons are incident on a 50:50 beam splitter
- (i) both photons are transmitted, (ii) both photons are reflected, (iii) and (iv) one photon is
transmitted and the other reflected. ’s’ and i’ represents the signal and idler photons, T’ and
'R’ signifies if the photon is transmitted or reflected.

output ports will be

Nee = C(T? + R |1 - Rzﬂij;ﬂz exp(—(AwdT)?) (2.55)
where Aw is the difference in the photonic bandwidths, §7 is a small time delay in the
photon propagation times and C' is a constant. When the light is monochromatic, no co-
incidences are seen, hence N, = 0, thereby showing the highest ”visibility (V)" between
photon states. Visibility is a quantity that depicts the indistinguishability between the
interfering photons as shown in the equation below,

mazx min
o Ncc B Ncc

V=—Fov-——-T7T--
Nggam _I_ NC'I’ELH’L

(2.56)

where N" and N is obtained when 7 = 0 and 67 > Tphoton/2 Tespectively and
Tphoton 15 the pulse duration of the photon wavepacket. Since SPDC light is not monochro-
matic, V < 1; but can be very close to unity through source engineering and effective
spectral filtering [100].
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Chapter 3

Device development

Indiffused waveguides in lithium niobate (LN) are fabricated by incorporating materials
with a higher refractive index like titanium (T1) [69,72,91,128,129] or zinc (Zn) [130-132]
into the substrate. One of the most versatile methods is the indiffusion of Ti into LN
substrates (Ti:LN) to form a low guiding structure with a refractive index contrast of
An ~ 1073 [68,94,133]. In the application of quantum optics, these waveguides prove to
be an invaluable asset due to their inherently low losses [72,91,129, 134] in the telecom
regime and well-defined single mode operation [135-137]. The fabrication techniques
involved are very mature and hence a high level of integration is feasible [56, 138, 139].
Ti:LN waveguides guide both - horizontal (TE) and vertical (TM) polarisations [72,140],
thereby making them good candidates to exploit various frequency conversion processes
including type 0 [141-143] and type II SPDC processes [144—-146], sum frequency gener-
ation [147-149], difference frequency generation [150-153] etc. Lastly, the guided optical
modes within these waveguides can be coupled into commercially available fibres with
high efficiencies [136,137,154] thereby making them a suitable candidate for long distance
quantum communication protocols [99].

3.1. Plug-and-play device - the design

The schematic in Figure 3.1 reveals the complete design of our single photon source. We
demonstrate a "plug & play” source of heralded single photons in the telecom regime
which is fully packaged in an aluminium housing that is capable of producing desirable
quantum properties in terms of heralding efficiency, brightness and indistinguishability.
Here, a low loss titanium indiffused periodically poled lithium niobate (Ti:PPLN) waveg-
uide acts as our type II SPDC-based degenerate source of single photons. Each face is
coated with the required anti- and high- reflective coatings for high transmission and
suppression of the SPDC and pump photons respectively. Since the output photons are
polarised, the input and output faces of the waveguide are pigtailed with polarisation
maintaining (PM) fibres. The orthogonality provides an easy separation of the degen-
erate photons by using a fibre polarisation beam splitter (fibre-PBS). Each end of the
fibre-PBS is spliced to a pair of C-band in-line isolators to provide a 40- to 60- dB addi-
tional pump suppression at the pump wavelengths. A C-24 dense-wavelength-division-
multiplexing (DWDM) filter with a bandwidth of 1.6 nm (200 GHz) is also attached to
the signal (heralding) arm to increase spectral purity and remove noise. The idler arm
remains unfiltered to ensure maximum transmission.
The steps required to develop our device is as follows:
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Figure 3.1.: Schematic of our type II heralded single photon source. A Ti:PPLN waveguide is
pigtailed at the input and output end facets using polarisation maintaining fibres. The generated
SPDC photons are split on the basis of their polarisation using a fibre polarisation beam splitter
(fibre-PBS). A pair of isolators in each arm removes the pump and a dense wavelength division
multiplexer (DWDM) in the heralding (signal) arm provides noise suppression and desirable
spectral filtering.

1. Fabrication of titanium indiffused waveguides in lithium niobate
2. Periodic poling through domain inversion

3. End face coatings

4. Fibre pigtailing and packaging.

3.2. Fabrication of titanium indiffused waveguides in lithium
niobate

Prior to fabrication, we deduce the fabrication parameters required to produce waveg-
uides with desired properties. Using a commercial software (FEMSIM package, RSoft),
we model Ti:LN waveguide designs with the following constraints - single mode operation
at wavelengths near 1550 nm, low scattering losses for TE and TM polarisations and high
butt-coupling efficiency with fibres. By taking into consideration the outcomes of the
model and previous knowledge within the group, we determined the width and height of
the titanium strip and indiffusion parameters like temperature, time etc.

The process of Ti:LN waveguide fabrication is shown in Figure 3.2. LN chips are
exposed to high purity titanium e-beam evaporation to deposit a 80 4+ 2 nm thick Ti
layer on the +c surface. A thin layer of photoresist (PR) is spin-coated to pattern
waveguide structures onto the sample. A soft bake is then performed for 30 min at
105 °C to evaporate the solvents in the PR.

The next step is to pattern the Ti channels with width of 7pm on the substrate
using ultra-violet (UV) photolithography. For this process, a photo-mask with channel
structures is aligned with respect to the sample and then placed in vacuum-contact
during UV illumination for 80s. The chip is developed to remove the UV-exposed PR
regions. The uncovered Ti regions are etched away and the residual PR is then washed
off, leaving behind only the desired channel waveguide structure on the surface. The
sample is enclosed within a platinum box and inserted into an indiffusion oven for 8.5h
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Figure 3.2.: Fabrication steps for Ti:LN waveguides.

Ti indiffusion

at 1060 °C in an oxygen rich atmosphere. Once the sample reaches room temperature,
the —c face is ground carefully to remove a few tens of microns of the substrate material.
This is done to remove the LisO build up that mainly occurs on the —c face of LN during
indiffusion [155] which acts as an insulating layer for electric field poling.

3.3. Periodic poling through domain inversion

As described in Section 2.3, periodic inversion of domains in LN is a much-required step
to improve the nonlinearity of the material. A well known method is by applying pulses
of high voltages across the substrate to induce a periodic pattern to reduce the phase-
mismatch between the interacting fields. The poling period depends on the non-linear
material in use, the type of the non-linear process and the desired frequency conversion.
Here, we fabricate a degenerate type II SPDC source that is capable of generating telecom
photons near 1550 nm. Using energy and momentum conservation Equations shown in
Equation 2.6 - 2.7, the grating period required for this process is numerically calculated
to be approximately A = 9pm. For this work, we use a grating mask that contains poling
periods A = 9.041m, 9.08 pm and 9.12 pm.

The steps required for poling is as shown in Figure 3.3 (a). The Ti:LN sample is coated
with a photoresist material to pattern electrodes for poling. The photoresist is structured
using UV photolithography as mentioned in Section 3.2. Despite the requirement of a
periodic pattern on the sample, the ratio of the uncovered to covered PR regions are
always less than a 1:1 duty-cycle. This consideration is made due to the large difference
in the domain growth along the lateral and vertical directions in LN.

Electrodes are deposited on the sample by sputter coating Au-Pd in a high vacuum
chamber. The electrodes are only deposited on regions where no PR is present. The
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Figure 3.3.: (a) Steps used for periodic poling in Ti:LN using electric field domain inversion,
(b) setup used for periodic poling.

chip is now ready to be poled using the setup shown in Figure 3.3 (b). A stream of high
voltage pulses of duration 7,,5¢ = 2ms and voltage greater than the coercive field of
LN is applied. The poling process is monitored by measuring the current flow through
the circuit. The termination point for the poling process is determined in advance by
taking into account the thickness of the LN sample, the effective poling area and charge
associated with spontaneous polarisation in LN.

After poling, the metal and PR layer is etched away. Then, the sample is cut to the
desired length and polished on both end facets to minimise scattering losses. The final
length of the sample is fixed to 25 mm with an effective poling length of 21 mm.

3.4. Classical characterisation

Classical measurements are conducted to obtain a preliminary understanding of the
source performance. The linear and nonlinear methods used and the measurement results
obtained are explained in this Section.

3.4.1. Loss measurement

Losses pose a serious challenge in quantum photonic applications. Unlike classical sys-
tems where losses can be compensated by amplification, quantum states cannot be de-
terministically replicated due to the no-cloning theorem [103]. Hence, minimising losses
of each component in single photon sources is key to developing devices for important
applications like quantum information processing [105] and tests of Bell’s inequality [156]
which are fundamentally intolerant to loss. The most important attribute of a heralded
single photon source is its heralding efficiency, which is defined by the ability of a source
to predict the presence of one photon by detecting the other (herald). To determine the
heralding efficiency, we measure the losses introduced by each component involved from
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photon generation to detection and estimate the total transmission of the optical chan-
nel. In ‘plug & play’ geometries, losses arise in the waveguide, waveguide-fibre interface
and the fibre optical components used for photon routing and filtering.

To estimate the propagation losses in our waveguide, we use a temperature-tuned
Fabry-Perot [129] loss measurement schematic as shown in Figure 3.4. This measurement

He-Ne laser

3 ~ - <. ZPinhole - : e
=S 77 7 F s linGaAs PD |

Figure 3.4.: Schematic of Fabry-Perot loss measurement setup. Light from a ECL is injected
into the waveguide in the TE and TM polarisations and measured using an InGaAs PD while
temperature tuning the sample. The He-Ne laser light is used only for rough alignment of the
waveguide. Abbreviations: He-Ne laser, Helium Neon laser; ECL, external cavity laser; M1, M2,
mirrors; L1, L2, aspheric lenses; InGaAs PD, Indium Gallium Arsenide photodiode.

is reliable only for single-mode operation and therefore, we can estimate the losses of the
waveguide only at the SPDC wavelength, Asppc ~ 1550 nm (the waveguide supports
higher-order pump modes). The losses are measured prior to the application of end face
coatings and pigtailing, since this method depends on the Fresnel reflections at the input
and output faces of the waveguide.

Light from a narrowband external cavity laser (ECL) at A ~ 1550nm is coupled in
and out of the waveguide using C-coated aspheric lenses. A polariser is used to control
the polarisation of the beam before entering into the waveguide. The sample is mounted
on a holder consisting of Peltier elements to tune the temperature of the sample. A
InGaAs p-i-n photodiode is used to measure the output light. The measured output
intensity variations with respect to time is plotted in Figure 3.5. The waveguide losses
are estimated from the expression,

1 1 Imzn Imam
a2 g | g LV Inin/ (3.1)
ng 1-— \V Imin/Imaz

where « gives the waveguide losses in decibels per centimeter, L4 is the length of the
waveguide in centimeters, Iy, and I, is the minimum and maximum detected photo-
intensities on temperature tuning (See Figure3.5) and R is the Fresnel reflection given
by R = (%)2 The neyry is estimated from the polarisation and wavelength of the
in-coupled light. The waveguide chosen for pigtailing showed losses of arp = 0.13+0.02
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Figure 3.5.: Measured output intensity while temperature the sample to determine the losses
of the waveguide using the Equation 3.1.

dB/cm and apy; = 0.1840.02 dB/cm for TE (horizontal) and TM (vertical) polarisations
respectively.

Next, we tested each fibre-optical component to determine their insertion losses. The
fibre-PBS that is used to split the SPDC photons according to their polarisation is spliced
to a pair of in-line C-band isolators to minimise losses through the channel. A narrowband
ECL connected to a polarisation controller is injected into the input port of the fibre-PBS
and the output power at each arm was measured when maximum extinction was seen in
the other arm. The measured transmissions of the PBS-isolators combination are (84.0+
1.9)% and (81.5 4+ 1.9)% respectively for the TE and TM polarisations respectively. The
transmission of the DWDM filter attached to the signal (TE-polarised) arm is measured
to be (86.0 £ 2.0)%. Since we use the signal arm for heralding, the total transmission of
this arm does not affect the heralding efficiency of the source. Therefore, the maximum
heralding efficiency achievable in the idler (TM polarised) arm is calculated to be n,f“lc =
ng,TM . TFP,TM . TPBS,TM = (58.6 + 3.3) % before detection, where ng,TMa TFP,TM
and Tpps M is the transmission of the waveguide, fibre pigtail and the PBS-isolator
unit respectively for TM polarisation. This classical estimation is the maximum heralding
efficiency that this device can experimentally demonstrate. In principle the quantum loss
should be equal to the classical loss; but background noise from the pump, fluorescence,
or parasitic nonlinear processes can show an increase in the heralding counts without its
partner photon, resulting in a lowering of the heralding efficiency [57,58,157,158]. We
will prove in the following sections that these effects are negligible in our device, resulting
in a heralding efficiency close to the classical value.

3.4.2. Mode size measurement

One of the most important steps towards designing a 'plug & play’ SPDC source is obtain
a high efficiency coupling between fibres and waveguides. An intuitive understanding of
this parameter can be obtained by investigating the near field intensity profiles of the
guided optical modes in the TE and TM polarisations and fibre-optic modes, at telecom
(SPDC) wavelengths. We can estimate the waveguide to fibre coupling efficiency by
calculating the overlap integral between the field distributions of the two corresponding
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systems using

NFpc = |fwa9(x’y) i Efibre(x,y)d$dy|2
ffE?ug(x,y)da;dy - [E2, (z,y)dzdy
f

where, Eyg(x,y) and Ejye(x,y) shows the field distributions along the width and height
of the waveguide and fibre-optic spatial mode respectively.

(3.2)

He-Ne laser

M3 %,

\ CCD c-cmera

Figure 3.6.: Schematic of mode size measurement setup. Light from a EDFA is injected into
the waveguide in the TE and TM polarisations after filtering down to 1 nm by a bandpass filter
(BPF) and measured using a charge-coupled device (CCD). The He-Ne laser light is used only

for rough alignment of the waveguide. Abbreviations: He-Ne laser, Helium Neon laser; EDFA,
erbium doped light amplifier; M1, M2, mirrors; L1, L2, aspheric lenses.

The setup used to measure the near field intensities of waveguides and commercial
polarisation maintaining fibres (PMFs) are as shown in Figure 3.6. A broadband white
light source (EDFA) at 1550 nm with a bandwidth of A\ ~ 30nm is used to couple light
into the waveguide in order to remove undesirable interference effects. Being extremely
broad, the source can result in the production of blurry mode images due to dispersion,
which is eliminated by adding a 1nm bandpass filter to the setup. A 20x objective is
used to inject light into the TE and TM polarisation modes of a waveguide (or optical
fibre). A 100x objective is used to collect light and image it onto a Xenics InGaAs array
with a resolution of 20 pm /pixel.

The intensity profiles of the TE (left) and TM (centre) polarised modes of the waveg-
uide is shown in Figure 3.7 and the mode profile of the PMF is shown in Figure 3.7
(right). The full width at half maximum (FWHM) of the TE (ordinary) mode of a
7 pm waveguide are measured to be 7.0 pm for the width and 4.7 pm for the height, and
for the TM (extra-ordinary) mode 5.3 pum and 3.4 pm respectively. Both TE and TM
modes show a gaussian field distribution along the width and a hermite-gaussian distri-
bution along its depth. The asymmetry in the mode shapes is consistent with typical
titanium-indiffused waveguides [68,133,159] due to a concentration gradient of Ti during
indiffusion.

The measured mode diameter of a PMF is almost perfectly symmetrical with a width
of 6.08 ym. With this measured data the mode profiles are modelled (FemSIM package,
RSoft) to find the maximum achievable coupling efficiencies between waveguide and fibre
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Figure 3.7.: Measured waveguide mode profiles in the TE (left) and TM (centre) polarisations
and a polarisation maintaining PANDA 1550 nm fibre mode (right) profile.

modes (using 3.2) for TE and TM polarisations. It was estimated to be 92 % for the TE
and 85 % for the TM mode. The main reason for losses in the coupling is due to the
mismatch in the field distributions between fibres and waveguides. On pigtailing we see
a further reduction in the out-coupling efficiencies as shown in Section 3.6 which arises
from different guiding profiles of TE and TM modes in the waveguide [72]. In this work,
we optimise the coupling to achieve similar transmissions for both polarisations through
the PMF simultaneously.

3.4.3. Second harmonic generation (SHG)

He-Ne laser

M3
" “Polariser -
\ —=E=—= 7 5 £ 5 T Pinhole §

Figure 3.8.: Schematic of SHG measurement setup. Light from a tuneable laser (ECL) at
Afund ~ 1550nm is injected into the waveguide at a 45° polarisation to induce a type-II SHG
process. A chopper is used to lock in to the frequency of the fundamental wavelength to detect
small power outputs in the SHG wavelength regime. The generated frequency-doubled light
is measured using a Si-PD (silicon photodiode). The He-Ne laser light is used only for rough
alignment of the waveguide. Abbreviations: He-Ne laser, Helium Neon laser; M1, M2, M3
mirrors; L1, L2, aspheric lenses.

Testing of quantum information protocols requires high efficiency sources that are
capable of producing large number of single photons; in other words, the source needs
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Figure 3.9.: Measured (blue markers) and fitted (red solid line) second harmonic intensity with
respect to the injected fundamental wavelength.

to show high brightness. This property is indirectly related to the SHG efficiency, which
is a classical substitute to determine the SPDC brightness, that is also affected by the
nonlinearity of a periodically poled waveguide. SHG measurement is a powerful technique
to give us some information on the quantum light, for e.g. the phase-matching bandwidth,
the degeneracy point and the nonlinear conversion efficiency.

The setup used for SHG measurement is as shown in Figure 3.8. A tuneable continuous-
wave external cavity laser at telecom wavelengths, TUNICS is used as the fundamental
input. A chopper is used to modulate the fundamental power to help the detection of the
smallest intensities of SH power using a lock-in amplifier. The polarisation of the input
light is maintained at 45° to excite a type II SHG process in the waveguide. Since the
central wavelength of the phasematching peak is highly dependent on the temperature,
we stabilise the sample at 25°C. C- and B-coated aspheric lenses are used to couple
the fundamental power in and the SH power out of the waveguide respectively. The SH
power is then measured using a Si p-i-n diode and the fundamental power is measured
using a powermeter.

The detected SH power is traced out with respect to the input fundamental power
as shown if Figure 3.9. The phasematching peak, which corresponds to the degeneracy
wavelength of the SHG process, is observed at 1558.29 nm with a bandwidth of 0.30 +
0.02nm. The SHG efficiency was estimated using

Psua
= —"—--100
NSHG Pf,m 12 (3.3)
where Pspq is the output SHG power, Py, is the input power of the fundamental field
and L is the length of the poled region. The highest SHG efficiency was measured to
be (2.364+0.21) % W~!ecm~2. Since type II shows lower nonlinear efficiencies type 0
SHG processes due to a lower nonlinear coefficient, d3; (as opposed to dss for type 0),
the measured efficiency matches well with already published results !, thereby showing

Lds1 coefficient is nearly seven times smaller than the dss coefficient. The highest type 0 SHG efficiencies
reported so far in LN is 150 % W ™! cm™2shownby Parameswaranetal [160].
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that the device is capable of producing large number of photon pairs, also known as
brightness, when operated in the quantum domain. We used the central SHG wavelength
Asua = degeneracywavelength/2 shown in Figure 3.9 for the production of degenerate
heralded single photons.

3.5. End face coatings

When light is coupled in and out of materials, a certain percent is lost due to Fresnel
reflections; in LN, there is a loss of nearly 14 % when transmitting telecom wavelengths.
Since the feasibility of quantum protocols are highly susceptible to losses [105, 156],
we aim at reducing these interface losses by applying dielectric coatings on the sample
end faces. This is implemented by depositing alternating layers of a high- and low-
index materials, namely titanium dioxide and silicon dioxide respectively. In this work,
our output medium are fibres and hence we design coating layers to facilitate optimal
transmission from LN to glass. Using a commercially available software (OptiLayer), we
determine the geometrical requirements of the coatings (number of layers, thickness of
each layer etc.) to minimise coupling losses from LN to fibres in the operating wavelength
regime.
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Figure 3.10.: Spectral characteristics of the (left) antireflective coating for Apymp ~ 775nm
(shaded region) applied to the input facet and (right) a complex stack of high- and anti- reflec-
tive coatings at the output facet for Apump = 775nm and Agppc =~ 1550nm (marked regions)
respectively.

As shown in Figure 3.1, the input port of our source is injected with wavelengths near
775 nm corresponding to our pump. Hence, we implement a simple three-layer dielectric
stack to act as an anti-reflective coating within this spectral range (See Figure 3.10
(left)). At the output port however, we must take into account two major requirements:
i) maximum transmission of the generated telecom SPDC photons and ii) maximum
suppression of the pump field. Due to this, a more complex coating stack of 17 layers
of the same alternating materials is required. The transmission spectra of the resultant
coatings are shown in Figure 3.10 (right). The measured transmission of 775nm at the
input port is roughly 94 %; the output port showed a transmission of 95 % at 1550 nm
and a pump suppression of approximately 22-dB. Since the coating design is optimised
for coupling to fibres and the transmission characteristics are measured with respect to
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air, the measured output characteristics shows a slight under-estimation of the actual
design.

3.6. Fibre pigtailing and packaging

Propagation of quantum light for a variety of applications requires coupling of these states
into fibre transmission lines [99]. Thus low-loss interfaces between quantum devices, here
Ti:PPLN single photon source, and optical fibre networks [161-165] are of considerable
importance. A rather beneficial device design will consist of a ”black box” single photon
source which only needs to be connected to a laser input. To implement this, it is vital to
permanently attach fibres to the Ti:PPLN waveguide chip. Integration and packaging of
optical elements often degrades the efficiency of quantum devices [57, 58, 166]; therefore,
most photon sources rely on the careful alignment of external bulk components for high
performance, limiting their usefulness outside the lab. Optimisation of fibre-pigtailing
strategies could provide considerable advantages when building sensitive quantum devices
in this regard.

To produce a fully fibre-integrated source, the front and rear ends of the waveguide
chip is linked to fibres. In our case, we use polarisation maintaining fibres (PMFs) since
type II SPDC produces orthogonally polarised photons. Pigtails at suitable wavelengths
are prepared by fixing a glass ferrule on one end of the fibre and a fibre connector on
other. For stability and precise control of the pigtail, the attached ferrule is ground
out to produce a ’'flat’ surface parallel to the stress rods in the fibre. To position the
fibre with respect to the waveguide, the 'flat” end of the ferrule is then set on a six-axis
motorised stage attached with a vacuum tip.

The pigtailing protocol is carried out by injecting light into the sample and measuring
the collected light transmitted through the waveguide and then into the fibre. The source
is glued onto a copper platform that holds a thermoelectric cooler (TEC) for temperature
stabilisation. The TEC can operate at temperatures up to 70 °C; but all measurements
are conducted at 25 °C since the source is designed to produce degenerate telecom SPDC
photons at room temperature. We begin by pigtailing the end face which out-couples
1550 nm (SPDC wavelength). We use a broadband pump (Erbium doped fibre amplifier
(EDFA)) attached to a 1.6 nm filter as a light source for telecom wavelength coupling in
order to limit interference effects. A polariser at 45° is used in the setup to imitate the
output of the SPDC process, i.e. generation of orthogonally polarised photons. Firstly,
the light is coupled in and out of the waveguide using aspheric lenses that shows high
transmission in the telecom band, i.e. C-coated lenses, and measured using indium
gallium arsenide photodiodes (InGaAs-PD). This is performed to get an intuition on the
maximum power that can be obtained after the waveguide.

The output lens is then moved away and the fibre pigtail is used as the light collection
medium. The output of the pigtail is connected to a fibre polarisation beam splitter
(fibre-PBS) and the power at each port is measured using fibre connected InGaAs-PDs
(See Figure 3.11). The pigtail is coarsely aligned to get a preliminary position that yields
a maximum coupling efficiency. The fine alignment is performed by a programmable
six-axis stage that holds the fibre pigtail. This stage allows manipulation of the fibre
position in sub-micron resolutions, thereby making the setup extremely sensitive to fibre
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Figure 3.11.: Setup for pigtailing the 1550 nm polarisation maintaining fibre pigtail to waveg-
uide.

positions. The fibre is scanned along the width and height of the waveguide end facet.
After performing multiple scan iterations of increasing resolution, the optimal position
is determined when the output power is highest for both polarisations.

For permanent fixture of the fibre, a UV curing glue (Norland Products Inc., NOAS81)
is applied at the interface between the fibre and waveguide. Due to the presence of the
glue, the position of the fibre may shift slightly; hence, a minor re-alignment is performed
to maximise transmission. The coupling efficiency measured at this stage is 88% for the
TE mode and 80 % for the TM mode. A pre-curing step of 5min is performed by a
ring-shaped arrangement of LED diodes to provide uniform curing along the outer edges
of the glue. The vacuum tip is switched off to release the fibre and then a final curing
step is done by irradiating from top and botton of the fibre-waveguide interface by a
high intensity UV gun for 30s each. During the curing process, the position of the fibre
may displace resulting in a slight reduction in the transmitted power. An invar holder
is screwed into the sample holder to provide mechanical stability to the fibre-waveguide
interface. To prevent the pigtail from detaching due to tension, a small droplet of quick-
fastening two component epoxy adhesive (ECCOBOND 286) is applied to hold the fibre
to the invar block. The UV curing glue and epoxy adhesive is left to stabilise overnight.

The pigtailing efficiency with respect to the lens coupling is estimated by the ratio
between the two and the calibration parameters of the setup. The calibration parameters
include the transmission values of the lenses used, the freespace polariser, the fibre-PBS,
fibre connectors and the efficiencies of the InGaAs-PDs. The final fibre coupling efficiency
at telecom wavelength is measured to be nrp = 83.8 £1.8 % and nyry = 75.7+ 1.6 %
for TE and TM polarisations respectively.

The next step is to pigtail the pump side (780nm) of the source. To obtain a source
with a high SPDC efficiency, it is crucial that the pump is maximally coupled into the
fundamental waveguide mode. However, since the waveguide supports multiple pump
modes, a simple injection of the pump wavelength into the waveguide and measuring
the output power is not sufficient for an optimal pigtailing process. Hence, we exploit a
type II second harmonic generation (SHG) in the waveguide to produce an inverse SPDC
geometry, i.e. conversion of telecom light to 780 nm wavelength. The source of telecom
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Figure 3.12.: Image of the fully packaged plug-and-play single photon source of telecom photons.

photons is a narrowband tunable TUNICS laser, that is injected into the telecom fibre
pigtail. The output power is amplified using a lock-in amplifier and measured using a
silicon photodiode (Si-PD). The optimisation protocol for fibre pigtailing at the pump
end is performed in the same way as above. In this case, the pigtailing efficiency is
measured to be 1pump > 30%.

After pigtailing both end faces, the source is packaged in a home-made aluminium
housing. The leads coming out of the TEC element is soldered to a D-sub connector. To
verify the applied temperature, a thermistor attached to a female-BNC connector is also
included in the package. The housing is mounted onto a larger aluminium plate that has
fibre-optic reels to safely loop the input and output pigtails. In the final configuration
of the source, the output arm is spliced to a fibre-PBS, a pair of isolators and a DWDM
filter (only the signal arm). The fully fibre-integrated and packaged source is as shown
in Figure 3.12.
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Chapter 4

Quantum characterisation

Quantum light sources should possess desirable properties for quantum applications in
terms of heralding efficiency, brightness and spectral correlations. The technological
parameters take into consideration these requirements, yet a thorough investigation of
the optical properties is elementary to determine the source specifications. Classical
light is easier to generate and detect than quantum light, hence it is preferred to use
classical characterisation tools to predict quantum behaviour. However, in order to get
a thorough understanding of spectral bandwidth and correlations within the source,
a full quantum characterisation is of vital importance. We determine the scattering
losses of the waveguide and the fibre optical components used to build the source to
estimate the maximum heralding efficiency that can be achieved by the source. Mode
size measurements help determine the maximum waveguide to fibre coupling for both
polarisations. We also look at the second harmonic generation (SHG) process, which is a
reverse process of SPDC, to determine the nonlinear conversion rates of the periodically
poled waveguide. The waveguide that shows the best performance on all these attributes
is chosen for pigtailing and further quantum characterisations.

The quality of a single photon source can be benchmarked using features such as
heralding efficiency, brightness, spectral and modal properties of the quantum light gen-
erated. Noise from fluorescence, parasitic nonlinear processes, pump photons and dark
counts from detectors strongly degrade the quantum performance and hence it is of vital
importance to design the source appropriately to minimise these effects.

Setup: The setup used for quantum measurements is as shown in Figure 4.1. A 76 MHz
laser pulse-picked to 1 MHz is used to produce picosecond pump pulses with a FWHM
bandwidth of 0.3nm at 779.15 nm wavelength. The pump wavelength is obtained from
half the degeneracy point of the fundamental wavelength measured with SHG. The input
pump power is controlled by a half-wave plate (HWP) and a polarising beam splitter
(PBS). The pump beam is set to the horizontal polarisation by using another HWP to
trigger a type II SPDC process in the Ti:PPLN waveguide. The light is then coupled into
our source through a lens-to fibre coupling to accurately determine the power injected
into the source. The SPDC photons exiting the source are detected with low jitter, high-
efficiency superconducting nanowire single photon detectors with detection efficiencies of
Ndet = (85 4 5)%.

This is the most basic setup required to characterise the quantum properties of the
source. However, in order to analyse specific features of the source, additional optical
elements need to be introduced into the setup as shown in Figure 4.1 (b), (c), (d), (e),
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Figure 4.1.: Experimental setup for quantum characterisations: (a) Heralding efficiency mea-
surement. (b) Joint spectral intensity measurement. (c) Unheralded g(®(0) measurement. (d)
Heralded ¢(®(0) measurement (e) HOM measurement.

which will be further described in the following sections.

Our final source design includes the following components: 780-nm fibre pigtail, Ti:PPLN
waveguide, 1550-nm pigtail, fibre-PBS, a pair of isolators and a DWDM filter (only in
the signal arm).

4.1. Heralding efficiency

As mentioned earlier, the heralding efficiency of SPDC sources is one of the most im-
portant parameters to determine the usability of the device. The setup used to measure
the heralding efficiency is shown in Figure 4.1 (a). To determine the best design of our
source, we carried out an investigation of the heralding efficiency using a series of con-
figurations. We test four different source combinations: (i) both arms are unfiltered, (ii)
signal arm is filtered, (iii) idler arm is filtered and (iv) signal and idler arms are filtered.
We used C-24 DWDM filters with 200 GHz channels corresponding to a bandwidth of
dApwpm =1.6 nm at a central wavelength Apeqr ~1558 nm. The raw heralding efficiency
of the signal (s) and idler (i) photon is given in Equation 2.40 as ns; = C/S; s where
C are the coincidences between the two photons and S are the singles measured in each
arm. The measured efficiency of the signal and idler arm is plotted against the input
pump power in Figure 4.2. The true heralding efficiency is estimated from the y-intercept
of the curves. A summary of the results collected from the four configurations is shown
in Table 4.1.

It was observed that the highest heralding efficiency of n; = (46.2+0.6)% was obtained
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Figure 4.2.: Raw heralding efficiencies versus power coupled into the source measured when:
(a) signal and idler photons remained unfiltered; (b) only signal photon was filtered; (c) only
idler photon was filtered; (d) both photons were filtered.

when the DWDM filter was attached to the signal arm. This is the measured raw
heralding efficiency of the source. By only correcting for the detector efficiency, and
NOT the channel losses (in contrast with [58]) we estimated the efficiency of the complete
device from generation to output to be nf”"" = % = (54.4 + 3.3) %. This value is very
close to the classically estimated maximum heralding efficiency shown in Section 3.4 that
can be achieved from this device (7;"** = (58.6 & 3.3)%). This implies that the device
shows a high suppression of spurious events, a very desirable quality for ”plug & play”
sources. For completeness, we characterised the noise counts in the optical channel by
measuring the background events. This was performed in two ways - i) by changing
the polarisation to suppress SPDC and ii) by tuning the pump wavelength slightly away
from the source phasematching condition. In both cases, we measured the singles count
rates were approximately 9 % background noise which contributes to the slight lowering
of the measured heralding efficiency with respect to the classically estimated value.

In table 4.2 we compare our device with other benchmarked photon-pair sources that
exploit either type 0, I or Il SPDC processes, with a focus on high heralding efficiency [60].
The state-of-the-art bulk sources show the highest heralding efficiencies so far, which
comes at a price of reduced brightness. With respect to other fibre-pigtailed sources [57,
58] , our device represents the best raw and detector-corrected heralding efficiencies, but
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Configuration s i nserr corT
(%) (%) (%) (%)
Both arms are unfiltered 22.8 22.9 26.8 26.9
Signal arm is filtered - 46.2 - 54.4
Idler arm is filtered 40.2 - 47.3 -
Both arms are filtered 29.7 21.2 34.9 24.9

Table 4.1.: Comparison of the different configurations used to test the best design of our source

with respect to raw (n)/;) heralding efficiencies and detector-corrected (77577)

Reference

Source

N[ A [ |
(nm) | (nm) (%) (%)
Kaneda et al [167] PPKTP/bulk | 1590 | 1-4 87 7
Pomarico et al [168] | PPLN/bulk 1550 3 80 8*
Krapick et al [169] PPLN/wg 1575 - 60 13.8*
Bock et al [170] PPLN /wg 1312 - 64.1 16
Guerreiro et al [171] | KNbO3/bulk 1550 - 74.8* 18*
Harder et al [172] PPKTP/wg 1536 5.1 80* 20.5
FREESPACE Pereira et al [173] PPKTP /bulk 810 0.2 84 42.5*
U’Ren et al [37] PPKTP/wg 800 2 85 51
Weston et al [174] | PPKTP/bulk | 1570 | 15 80* 64
Shalm et al [175] PPKTP/bulk 1550 - 83.1% 75.6
Giustina et al [176] PPKTP/bulk 810 - 82.7* 78.6
Ramelow et al [177] | PPKTP /bulk 810 0.5 86.3* 82
Zhong et al [57] PPKTP/wg 1316 1.3 13.7* 2.8
Oesterling et al [58] | PPLN/wg 1550 60 30.9* 3.1%
PIGTAILED 1 oo et af [59]' PPLN /wg 1540 | 0.25 42 7.1
This work PPLN/wg 1560 1.8 54.4 46.2
Table 4.2.: Comparison of state-of-the-art sources taken from literature [60]. * was mathe-

matically estimated from reported data. T shows a source that is pigtailed only on the output
side.

much improvement in terms of fibre-optic component losses needs to be made to compete
with bulk sources. A higher degree of optimised device integration is a possible solution,
for e.g. integrated PBSs [55] and/or wavelength division multiplexers [178,179] on chip
for splitting of the photon pairs and pump suppression respectively.

4.2. Brightness and non-classicality

Source brightness is defined as the rate at which photon pairs are generated within the
Ti:PPLN waveguide. It is determined by B.pi, = %, where t is the integration
time and FPpp;p, is the pump power coupled into the chip. The normalised brightness is
estimated when the heralding arm is attached to a filter by B}fl’;g},ed = Brittered/ A titter,
where A e is the FWHM bandwidth of the heralding arm obtained from the joint
spectral intensity. Table 4.3 shows the brightness of our source at a mean photon number
(n) ~ 0.01 % (pump energy, Epymp = 3 pd/pulse) in unfiltered and filtered (before
splicing to source) configurations.
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Configuration Benip A titter B

chip
(Z5) (nm) (Bt )

Both arms are unfiltered 3.84-107

Signal arm is filtered 1.87- 107 AXg =1.064+0.02  (1.76+0.04)-107
Idler arm is filtered 1.68 - 107 AN =1.07£0.04 (1.5740.07)-107
Both arms are filtered 0.43 - 107 - -

Table 4.3.: Comparison of chip brightness between different source configurations.

Since the best source performance was obtained when the signal arm was filtered, the
final source design consisted of a fully spliced device. A small drop in the brightness to

Hiliered = (1.39£0.04) - 107% was also observed.

The source showed high generation rates, as expected from the nonlinear conversion
efficiency measurement. It is higher than or similar to the brightness of other waveguide
SPDC sources [55,57,58,165,172,180]. In over two years of operation since pigtailing,
we have found no degradation in the heralding efficiency or brightness of our source.

Being a quantum photonic source, it is of great importance to confirm the non-
classicality of the source as mentioned in Section 2.5. This can be performed by analysing
the photon number correlations between the signal and idler photons given by the second-

order cross-correlation function, 932)85(0). It is measured to be 923)055(0) = gj\g!’ =

73.6 + 1.3 at (n) ~ 0.01 E2Y1S where N, is the number of pump trigger counts. This

pulse

violates the Cauchy-Schwartz inequality [181] by more than 50 standard deviations which
confirms the quantum nature of our source in the photon number basis.

4.3. Spectral measurement

The spectral properties of SPDC sources depend on the pump profile and the phase-
matching characteristics of the waveguide as described in Section 2.4.1. The pump
profile is fixed to a pulse duration of ATpymp =~ 2ps resulting in a pump bandwidth of
AXpump =~ 0.3nm for sech?-shaped pulses. SHG characterisation of the source provides
information on the phasematching bandwidth and spectral degeneracy at temperature,
T =25°C.

We characterise the spectral properties of our source by implementing a fibre-based
time-of-flight spectrometer [182,183]. As shown in Figure 4.1 (b), the experimental
setup consists of long dispersive fibres to stretch the various spectral components of the
photon. Due to this, different wavelengths of the photon arrive at different timings on
the SNSPDs. A fast time-to-digital converter (TDC) records the time-of-arrival of the
photons accurately. On mapping the arrival times, we obtain a joint spectral intensity
(JSI) using the coincidences between signal and idler photons. The marginal distribution
of each photon can be obtained from the corresponding singles clicks, however, since this
is a heralded single photon source, we plot the marginals using the projection of the JSI
on each axis.

The JST and marginal spectral distribution (Section 2.5) of the four combinations of
our source are shown in Figure 4.3 - 4.6. In the case where both photons are unfiltered,
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Figure 4.3.: JSI measurement of the source when unfiltered in both arms (left) and its corre-
sponding marginals distribution (right).

we clearly observe discernible side lobes arising from the sinc-shaped phasematching
curve. By using a filter separately in each arm, we are able to limit the effect of these
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Figure 4.4.: JSI measurement of the source when signal is filtered (left) and its corresponding
marginals distribution (right).

undesirable side lobes and decrease the spectral correlations to improve the purity of the
photons. As seen in the JSI and the marginals, filtering also helps to greatly decrease
the background counts. When a filter is applied to the signal arm, the brightness of
the source is less affected than when the filter is attached to the idler arm. This is
because the signal photon has a narrower bandwidth than the idler due to the tilt in our
JSI (see Figure 4.3). When filters are applied to both arms, the JSI distribution gets
clipped as shown in Figure 4.6 due to the imperfect matching of the filter transmission
characteristics. The measured FWHM bandwidths for all four configurations are shown
in Table 4.4.

The spectral correlations of the SPDC photons provide valuable information into deter-
mining single photon coherence times and finally, their usability in quantum applications
involving long distances. The coherence time of a single photon can be estimated from
the temporal width of single photon wave packet. This is performed by taking a Fourier
transform on the marginal spectrum of the idler photon, obtained from the JSI, after
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Figure 4.6.: JSI measurement of the source when both arms are filtered (left) and its corre-
sponding marginals distribution (right).

heralding with the signal photon. We measured a coherence time of A7y, = (5.8 £0.3) ps
for the heralded photon. This implies that at a repetition rate of 1 GHz, the idler pho-
ton can travel > 130km in a standard optical fibre before it starts to overlap with its
neighbouring pulses. Femtosecond pulses with coherence time A7y, = 100fs travels a
distance of one order of magnitude lower than our source for all repetition rates. Thus,
picosecond sources such as ours makes for a very valuable resource for long distance
quantum communication applications.

Configuration AN AN

(nm) (nm)
Both arms are unfiltered 2.80+£0.12 3.68 £0.27
Signal arm is filtered 1.06 + 0.02 1.83 +0.04
Idler arm is filtered 0.95 £ 0.02 1.07 £ 0.04
Both arms are filtered 0.77 +0.03 0.99 + 0.03

Table 4.4.: FWHM spectral bandwidths estimated from the JSI for each configuration.

Using the JSI shown the above-mentioned figures, we can also predict the expected
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purity of the single photons generated from our source [184]. We estimate the spectral
purity to be Ps = 0.7 and P; = 0.9, when the filter is applied to the signal and idler
arm respectively. Due to the tilt in our JSI, the purity of the idler photon shows higher
purity than the signal on filtering. Unfortunately, filtering also reduces the brightness of
the source. The purity calculated from the JSI serves as an upper bound predictions for
the configurations in use. The P will be verified using the second-order autocorrelation
function, which is a standard measure to determine the indistinguishability of photons
(Refer Section 2.5).

4.4. Unheralded ¢ (0)

An important feature for a single photon source is the spectral purity of the SPDC pho-
tons. Due to the emission of pairs of photons in SPDC, any entanglement between them
can lower the purity of one photon when its twin is used as herald. A good estimate for
the purity can be obtained from the JSI as mentioned in the previous Section. To quan-
tify the purity of photons non-spectrally, we measure the degree of spectral entanglement
present between signal and idler photons by the unheralded second-order Glauber func-
tion, ¢ (0) (as mentioned in Section 2.5). The presence of spectral correlations between
the photons will lower the ¢(®(0) from the ideal value of ¢®)(0) = 2, where a maximally
entangled state will result in a Poissonian distribution with gg) (0) =1.

The unheralded ¢ (0) can be measured using the setup shown in Figure 4.1 (c),where
the heralding (signal) arm is attached to a 50:50 fibre coupler before being detected.

The results are shown in Table 4.5. The raw 9(2)(0), g%zu(O) = (Ci2-Np)/(S1-52) =

Configuration photon g%)w (0) praw gﬁilr(O) peorr Kceerr ‘
signal  1.07 £0.03 0.07 1.38 +0.03 0.38 2.63
idler 1.09+0.03 0.09 1.41+0.03 0.41 2.44
Signal arm is filtered signal  1.37 £0.01 0.37 1.66 + 0.01 0.66 1.52
Idler arm is filtered idler 1.63 +0.06 0.63 1.91+0.06 0.91 1.1

Both arms are unfiltered

Table 4.5.: The measured unheralded ¢(®(0) for all configurations. 92, (0) is the raw ¢(®)(0)

value and gé?))w(o) is the corrected value after considering the measured noise counts [185] for
each channel. The raw and corrected purity P and the corrected Schmidt numbers ™ are also
listed for comparison.

1.07 £ 0.03, where C7 2 are the coincidences between the two splitter ports, NV, are
the pump counts, S1 and Sy are the singles counts in each splitter port. We can hence,
quantify the spectral properties of our source by estimating the number of spectral modes
(Refer Section 2.5) generated given by K = 1/P where K is the Schmidt number. The
purity of the photon is given by P = ¢(®)(0) —1. In this case, we obtain K ~ oo indicating
a high degree of spectral entanglement between the signal and idler photons.

Since the signal and idler photons share the same joint spectrum after filtering and
heralding, the purity of the heralded photon can be determined by measuring the purity
of the heralding photon. When the signal was filtered, we measured P; = 0.37; and when
the idler was filtered, we measured P = 0.63. Both quantities are significantly lower than
the value predicted from the JSI. The corresponding Schmidt number is L% = 2.70
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and K7 = 1.59, still showing large amount of correlations between the photons. The
purity of the idler photon is higher, due to the tilt in the JSI.

To investigate the reduction in purity, we measured the background counts arising from
fluorescence or other parasitic processes that can strongly degrade our g(?) (0) value. The
noise counts are measured by tuning the SPDC spectrum away from the filter transmis-
sion band and recording only the triggered singles counts in both arms of the splitter.
When unfiltered, both arms showed = 12% noise counts. On filtering, the background
events dropped slightly to ~ 9.1% of the total singles counts. On correcting the g(Q)(O)
value to include these noise counts [185], we estimated gg?«r(()) which is shown in Table
4.5. The corresponding P was estimated to show a significant improvement in the
spectral purity of the photons. The corrected value closely matches the purity estimated
from the JSI. This can be further improved by using filters of narrower bandwidth to
minimise the spectral correlations but at the cost of lowering the brightness and the
heralding efficiency of the source [186-188].

4.5. Heralded ¢*(0)

The quality of SPDC-based single photon sources are highly affected by multi-photon
components and noise. As described in Section 2.5, we quantify these effects by measuring
the heralded g(®(0) (g}(f)(O)). Unfiltered photons did not produce reliable g}(f) (0) values
due to high background noise. When the signal photon was filtered, the idler arm was
attached to a 50:50 fibre coupler and then detected (see Figure 4.1 (d)) while being
heralded by the signal photon. The heralded second order correlation s determined by

g,(f)(O) = giz’civg, where the number of two- and three-fold coincidences are given by

Ci i, and Cj, n, respectively, where [, k,m = {1,2,3} label the 3 outputs and N3 denotes

the number of events in the heralding (signal) arm. We measure g}(f)(()) =0.014 +0.001
at Epump =2.4pJ /pulse, well below the criterion in [189]. The measured value agrees well

with the calculated value from multi-pair events [124, 190], 9222(0) ~ 0.013, and is thus

negligibly affected by other background light. A similar g}(?) (0) value of g}(f) (0) ~ 0.015

was obtained when the idler photon was used as the herald.

4.6. Hong-Ou-Mandel measurement

Another important feature of photon pair sources is the indistinguishability of the gen-
erated photons. As mentioned in Section 2.5, the standard method to demonstrate in-
distinguishability is performed by using Hong-Ou-Mandel (HOM) interference between
the signal and idler photons. The setup used for HOM measurement is shown in Figure
4.1 (e). In this case, we couple the photons exiting from our unfiltered source to overlap
on a 50:50 beam splitter. To precisely measure the indistinguishability of the photons,
the measurement apparatus should take into consideration three main factors: (i) time
of arrival, (ii) polarisation and (iii) spectrum of both photons arriving at the coupler.
Since we generate orthogonally polarised photons, the waveguide induces a group velocity
mismatch between the photons which causes a temporal shift between them. Also, the
fibre lengths of the source are carefully measured to estimate the delays required in each

48



49 4. Quantum characterisation

N
o
=]

Coincidences(1/10s)
® o b 2 o ®
o o o o o o
T T T T

D
o
T

N
o

20 -
-5 0 5
delay(ps)

Figure 4.7.: HOM interference measurement between signal and idler photons.

arm for interference at the beam splitter. A motorised stage is introduced into the signal
line to fine tune the residual difference in delays between the two photons. A half- and
two quarter-wave plates are incorporated into each line for polarisation control. DWDM
filters are inserted into both arms to reduce spectral distinguishability between the two
photons. The source is pumped at (n) ~ 0.07 pairs/pulse and the coincidences between
the two interacting photons are recorded on scanning the signal delay.

The measured experimental data is reported in Figure 4.7. Indistinguishability of the
photons are given by the visibility (See Section 2.5) of the HOM dip, V = 8’;3;710212
where Ciqr and Chin are the maximum and minimum coincidences recorded between
the signal and idler photons. The visibility in our source is measured to be V = 0.67 +
0.05, which is above the classical limit of 0.5 [189,191] thereby confirming the quantum
nature of the source. This value doesn’t reach unity, meaning that there exists some
distinguishability between our signal and idler photons. A cause for this reduction in
the visibility arises from our 50:50 beam splitter which has a slightly imperfect splitting
ratio of 47.1:52.9. However, we speculate that the main reason for the lowered visibility
comes from the remaining spectral correlations that could not be removed despite the
filtering, as well as a slight mismatch of the central wavelength of the two filters. The
visibility can be improved by pumping the source using narrower and identical filters
for spectral selection, but at the cost of lowered heralding efficiency and brightness. A
more convenient solution is to pump the source with a CW laser to obtain high HOM
visibilities.

Y

From this measurement, we can also estimate the two-photon correlation time of the
photon pair source. This is determined from the FWHM width of the HOM dip to be
ATy, = (5.4 4+ 0.4) ps. Being a picosecond source, our source suffers from low dispersion
and hence highly suitable for applications involving long distance quantum communica-
tions.
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Chapter 5

Spectral filtering

SPDC-based sources are one of the most commonly seen photon pair devices, where ei-
ther both of the generated photons are used directly or a heralded single photon scheme
is used. The biggest drawback of such sources is the spectral correlations between the
signal and idler photons arising from the overlap between the pump and phasematching
bands. Figure 5.1 shows the spectral correlation seen in LN where there exists an anti-
correlation between the photon pairs resulting in the generation of a highly mixed state.
Despite their usefulness in certain applications [192], frequency entangled states show
very little promise in multi-photon interference [193-195] or entanglement-swapping ex-
periments [196-198]. Over the years, much investigation has been done in studying the
phasematching properties of materials and pump bandwidths to intrinsically generate
pure states without compromising on other important source attributes like heralding
efficiency and brightness [100,115,170,199].

Idler wavelength

Signal wavelength

Figure 5.1.: Spectral correlation seen in LN waveguides

The spectral purity of a source depends on the angle of the JSI distribution. For e.g.
telecom wavelength sources that have phasematching angles of § € [90°,180°] results in
the purity of photons, P — 1; in contrast LN-based sources show low purity (P = 0.3)
due to a # = 60.5° phasematching angle. In such sources, a convenient solution is
narrowband filtering of photons to get rid of frequency entanglement by forcing only the
transmission of a single spectral mode. This technique can be quite useful in heralded
single photon schemes, where the purity of the heralding state is improved by filtering;
and since both - the heralding and heralded photon shares the same joint spectrum, we
obtain the same purity for the unfiltered heralded state as well (See Section 4.4). Such
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51 5. Spectral filtering

a configuration helps improve the purity of the heralded photon, while preserving the
single-sided heralding efficiency and brightness of the source [157, 187,200, 201].

However this solution falls short when both photons are required in quantum experi-
ments and hence, alternate schemes need to be considered when developing high quality
sources. Here, we consider photon-pair sources where both photons must be generated in
spectrally pure states and with high efficiencies, unlike the heralded single-photon source
shown in the previous chapters, where only one photon requires a high heralding effi-
ciency. High purity photons are crucial for high visibility interference experiments; and
high heralding efficiency is critical for large data rates. One of the best methods to achieve
this is by adopting source engineering strategies where we can produce intrinsically pure
states by controlling the dispersion and pump bandwidths [100, 115,117, 172,202-208].
However, due to material and technological limitations, this solution may prove to be too
cumbersome for certain crystals. An alternate solution is to place the source in a high
finesse cavity which also results in the production of highly pure states without lowering
the source heralding efficiency [209,210]. In most cases, filters are still needed for single-
mode operation as multiple longitudinal modes are obtained due to broad phasematching
bandwidths of the cavity [157,211-214]; fortunately, on using narrowband pumps and
filters, a decrease in heralding efficiency is not observed because each filter intersects
only with one cavity mode. For the case where both photons are to be used from non-
engineered and non-cavity sources, spectral filtering is the most widely used solution.
Literature hints on its incompatibility with high heralding efficiency for both photons
numerous times [100, 115,170, 202], and a simple model for heralding efficiency after
filtering was developed by Reference [199]; but so far no experiments have studied the
effect of filtering on purity and heralding efficiency simultaneously.

5.1. Fundamentals on filtering

As shown in Equation 2.37, the spectral features of a SPDC generated state is defined
by the joint spectral amplitude (JSA) of the process. Mathematically, it is given by

Wspoe) = / / duosdeor f (s, 1) [ws) i) (5.1)

Equation 2.38 describes the JSA as f(ws,w;) = a(ws + w;) - ¢(ws,w;) where a(ws + w;)
the pump distribution with wy, = ws +w; due to energy conservation and ¢(ws, w;) is the
phasematching band. Equation 5.1 does not reveal the complete quantum properties of
the emitted SPDC state and hence a singular-value decomposition or Schmidt decompo-
sition [100,215] needs to be performed on the JSA as described in Section 2.5. In LN, we
get a strongly correlated state resulting in the generation of multiple longitudinal modes.
A simple, effective and robust technique to suppress these higher order frequency modes
is by narrowband spectral filtering which comes at the cost of increased losses. Till date,
filtering has been adopted to develop high quality heralded single photon devices and
entangled photon pair sources [188,194,216-219].

Equation 5.1 describing the photon-pair state after the application of filters is written
as

WspDo. i) = / / oo f (s, 1) Fa(ws) Fi (i) |ws) | i) (5.2)
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Figure 5.2.: Generation of photon pairs from PDC or FWM processes and the incorporation of
spectral filters (top) and the resultant outcome when the JSI is plotted.

where functions Fg and F; represent the spectral filters on the signal and idler photons
respectively. The filter transmission profile can be of any shape: in our model however,
we consider top-hat and gaussian filters. Experimentally, we measure the joint spectral
intensity (JSI) which is given by | f(ws, w;)Fs(ws)F; (w;)]?.

To obtain an understanding on the effect of filtering, the JSI of a Ti:PPLN waveguide
is modelled using the parameters of our experiment: pump bandwidth of 0.42 nm, phase-
matching bandwidth of 0.46 nm and phasematching angle of § = 60.5°. Figure 5.2 shows
the resultant JSI overlaid with narrowband filters on the signal and idler photons. When
both photons are filtered, we need to consider the pair-symmetric heralding efficiency
(PSHE) which is defined as the product of the signal and idler heralding efficiencies. For
a high PSHE, the two-photon amplitudes transmitted by each filter individually must
overlap; otherwise, signal photons will pass through the filter without having correspond-
ing idler photons and vice versa. Hence, we define the filtered heralding efficiency of the
signal photon as the probability that the signal photon passes its filter given that the idler
photon has also passed its filter and vice versa for the idler photon’s heralding efficiency.
Taking the probability that both photons pass their filters as 'y, and the probability
that each passes individually as I's and T';, we find the filtered heralding efficiency of the
signal photon is 1y, = Flf?ith and the idler photon is ny; = F‘I’f;h. Then, the PSHE is
given by nyny:. These efficiencies will drop to a value lower than 1 whenever the JSIs
passed by each filter individually do not match [199,220] and with losses in the optical
channel. This would suggest the lack of filtering will present the highest PSHE for our
photon source.

On the other hand, a spectrally pure state can be achieved only when the filtered JSI
is uncorrelated between the two photons, meaning, the JSI should be either a circle or an
ellipse oriented along the horizontal or vertical axis. From Figure 5.2 it is evident that
narrower filter bandwidths improve the spectral purity unlike with PSHE. The spectral
purity of either photon can be estimated using P = Tr(p?) given that both photons pass
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Figure 5.3.: Theoretical predictions on the dependance of the heralding efficiencies and purity
on top-hat filter bandwidths. The same metrics are also investigated using Gaussian filter (grey
curves). Some JSIs are also shown below their corresponding filter bandwidths (the leftmost is
very small on this scale).

their respective filters, where

Ps = Trz W

///dwzdw Fws, wi) F*(wh, wi) X Folws) Fs(wh) Fi(wi)? |ws) |wh) (5.3)

is the reduced density matrix. = We calculate the effect of ideal top-hat filters with
varying bandwidths and with perfect transmission/rejection properties on PSHE and
spectral purity. Figure 5.3 shows the increment of photon purity on narrowing the
bandwidth of the filter which instead causes an opposite effect on the PSHE. The kink
in Figure 5.3 around 3-nm filter bandwidth in the idler heralding efficiency is due to the
asymmetry of the JSI [221]. At lower filter bandwidths, the heralding efficiencies of the
signal and idler photons follow the same trend. However, at larger filter bandwidths,
despite the identical tuning of the filter bandwidths in both of the photon channels, the
slight angle of the JSI towards the idler axis causes a higher influence of the idler filter
on the heralding efficiency.

The combined effect of filtering on PSHE and spectral purity can be determined by
the symmetrised fidelity [186] defined as

2P
F = i 5.4
VLT p (5.4)

Figure 5.4 shows the change in the symmetrised fidelity (See Equation 5.4) with respect
to the phasematching angle after optimising the pump and filter bandwidths. In this
case, the phasematching bandwidth (which depends on the crystal length) does not play
a role, on the other hand, the pump and filter bandwidths needs to be optimised to
obtain the maximum symmetrised fidelity. For sources with phasematching angle equal
to 6 € [90°,180°], filtering is not required as the optimal filter bandwidth tends to infinity,
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Figure 5.4.: Theoretical estimations on the dependence of symmetrised fidelity versus phase-
matching angles (solid red line). The pump bandwidth (black solid line) and the signal (black
dot-dashed line) and idler (black dashed line) filter bandwidths are optimised to achieve the
highest fidelity for each phasematching angle. Using Reference [222], degenerate type-II 1550 nm
SPDC are modelled (solid stars). Data points with open stars shows non-degenerate photons
at 800 nm and other wavelengths, many different phasematching angles can be achieved [223].
Unfiltered JSI plots are shown under certain phasematching angles at 45° intervals.

resulting in a symmetrised fidelity of F' — 1. However, when sources deviate from these
phasematching angles, the symmetrised fidelity drops dramatically. On considering our
source that is fabricated on a LN platform, the maximum fidelity achievable is only
F = 0.57 due to its phasematching angle 8 = 60.5°. In Section 4.1, we show the
importance of using filters and their resultant consequences on the heralding efficiency
of the source. By applying a filter of bandwidth roughly equal to 1.5 nm to one arm did
not degrade the source performance in terms of brightness but improved the heralding
efficiency significantly due to background noise suppression. But when a similar filter was
applied to the other arm as well, the overall heralding efficiency of the source reduced
significantly. For sources like LN, filtering is absolutely crucial for removing spurious
counts, but it comes at a very heavy cost in regard to the symmetrised fidelity.

To understand the impact of filtering on spectral purity and symmetrised fidelity, in
Figure 5.5, we vary the signal and idler bandwidths by keeping a constant pump and
phasematching bandwidth of 0.38 nm and 1.5 nm respectively. The phasematching angle
of LN is taken as 6 = 60.5°. As predicted and shown in experiments, the highest signal
heralding efficiency is obtained when no filter or a broadband filter is applied to the signal
arm and a small bandwidth filter is used in the idler arm. For highest idler efficiencies,
the opposite configuration is required. Hence, obtaining a high symmetrised fidelity is
impossible. F' is relatively constant at a mean value of approximately 0.45, and shows a
maximum value of 0.57. The largest purity is achieved when extremely small filters are
used in both arms, but on narrowing the filters too much, the symmetrised fidelity falls
to zero.
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Figure 5.5.: Dependence of heralding efficiencies (a) and (b), purity (c) and symmetrised fidelity
(d) on spectral filter bandwidths. On the x-axis, the FWHM bandwidths of Gaussian filters are
used.

5.2. Heralding efficiency and reduced-state spectral purity

As a proof of concept, we design an experiment to measure the heralding efficiencies of
the signal and idler photons and the joint spectral intensities of a SPDC-based photon
pair source under varying filtering conditions. We use the unfiltered configuration of our
source [60] mentioned in Section 4.1 and pumped it with mode-locked Ti:Sapphire laser
at A\p = 778 nm with a FWHM pulse width of 3 ps. To ensure single photon operation, the
source is pumped with a low pump power of Py, = 51uW resulting in a mean photon
number of < n >~ 0.02 pairs/pulse before filtering. The output of the source is coupled
to a WaveShaper 4000 (Finisar Corp.) which is used as spectral filters and to separate
the non-degenerate photons at central wavelengths of A; = 1562nm and A\; = 1549 nm.
The singles and coincidences are recorded before and after passing the photons through
a time-of-flight fibre spectrometer [182,183] shown in Figure 4.1 to measure the PSHE
and joint spectrum (to estimate spectral purity) respectively.

Filter characteristics

The spectral properties of the Waveshaper was determined by injecting light from a
broadband white light source into the filter and measuring its output using an opti-
cal spectrum analyser. Figure 5.6 shows the output characteristics of the Waveshaper
by varying the transmission bandwidth of the filter. We confirm that the peak filter
transmission is independent of the Waveshaper’s filter bandwidth and the transmission
characteristics are nearly square for all filter settings. The transmission losses of the
Waveshaper was measured to be 4.8dB and 4.4dB for the signal and idler photon re-
spectively.
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Figure 5.6.: Measured transmission of the WaveShaper for various top-hat filter settings. (a)
shows the full bandwidth of the signal and idler filters for each filter setting and (b) shows a
closer inspection of the output characteristics of the signal filter. It is observed that the peak
transmission is constant for all settings > 0.2 nm.

Results

The heralding efficiency (or Klyshko efficiency) of the source is estimated using ns =
C/S; and n; = C/Ss for the signal and idler photons respectively (same as in Section
4.1). However, since the addition of filters to each photon causes higher losses than
an unfiltered arrangement, a normalisation factor is incorporated to compensate for the
loss-induced-reduction of heralding efficiencies. The filter heralding efficiency becomes,
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Figure 5.7.: Joint spectral intensity measurements when various filter bandwidths are used. A
10 nm filter shows a nearly unfiltered state since our marginal bandwidth is significantly lower
and a 0.2nm filter yields a spectrally pure state. The x-axis label I' gives the spectral detuning
from the phasematching peak.
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where, the normalisation term (9maz,s OF Mmag,i) is determined by estimating the herald-
ing efficiency when the filters are set to maximum bandwidth.

We characterised the purity by using the JSI and assuming a constant phase of the
joint spectrum [207]. The purity is calculated using P = Tr(p?), where p, is the reduced
spectral density matrix of the signal or idler photon [184]. By using a high resolution
spectrometer in our experiments, we reduce artificial smoothing effects that can induce
errors in our estimation. Figure 5.7 shows the measured JSIs and its resultant purity
when four different filter bandwidths are used, i.e. 10nm, 2nm, 1 nm and 0.2nm. An ad-
ditional time filter of twice the filter bandwidth is used during post-processing to remove
noise arising from laser instabilities and limited timing resolution of our spectrometer.
The highest purity is observed when the filter bandwidth is 0.2 nm, which corresponds
reasonably well with the theoretical estimation shown in Section 5.1.
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Figure 5.8.: Experimental results showing the dependence of heralding efficiency, PSHE, and
spectral purity (a) and symmetrised fidelity (b) versus filter bandwidth. The black data points
in (b) shows measured values and the theoretical estimation is shown in a red solid line.

A detailed investigation on the dependence of purity, filter heralding efficiencies, and
symmetrised fidelity on filter bandwidth are plotted in Figure 5.8. The results match
well with the estimations made in Section 5.1. Minor deviations of the experimental
results from the theoretical calculations, especially in the case of large filters, may arise
from the detector jitter (approximately equal to 120 ps) or the WaveShaper transmission.
By accounting for these two factors in the theoretical JSI, the calculated purity matches
perfectly with the experimental measurements of large filters. From theory as well as
experiment, the conclusion remains the same - the increase in purity is achievable only by
using small bandwidth filters, which results in a lowering of the heralding efficiency. This
means that filtering is not the solution to obtain high symmetrised fidelities in heralded
single photon sources.
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Chapter 6

Future work

The ’plug & play’ source presented here is designed to produce telecom wavelength
photons at room temperature by using a pulsed pumping system as an input. It shows a
high heralding efficiency and brightness along with low noise components when operating
in the single photon regime, making it suitable for quantum information protocols and
long-distance communication. Its simplistic design provides a good platform for further
technological advances in terms of integration of optical components like polarisation
beam splitters (PBSs) and wavelength division multiplexers (WDMSs) on chip. This
source also provides the opportunity to make proof-of-principle tests (for e.g. in chapter
5) due to its ease in handling, flexibility and convenient integration with fibre networks.

6.1. Pulsed vs CW measurements

To obtain a complete understanding on heralding efficiency as a metric for benchmarking
sources, we assembled a second fibre-pigtailed source and pumped it with 'pulsed’ and
"CW’ lasers. The heralding efficiency of the source is characterised using the same setup
as shown in Figure 4.1 (a). The pumping laser in the ’pulsed’ configuration is the same
as in the previous measurements. For ’'CW’ measurements, we use a Ti:Sapph laser that
is modulated to produce 100 ns pulses, which is used as a trigger for SPDC generation.
The source configurations chosen remain the same as mentioned in Section 4.1. The
measurement outcome is listed in table 6.1.

PULSED CwW
Configuration Ns i ngerr T | M 7 nserr Forr
(%) (B (B)  (B) | (B) (%) () (%)
Both arms are unfiltered 29 24 32 27 20 20 22 22
Signal arm is filtered - 36 - 40 - 26 - 29
Idler arm is filtered 44 - 49 - 31 - 34 -
Both arms are filtered 23 21 26 23 22 22 24 24

Table 6.1.: Comparison of raw (7,,;) and detector-corrected (7¢7;") heralding efficiencies when
different source configurations were pumped with 'pulsed’ and 'CW’ light.

The maximum heralding efficiency was determined classically (as mentioned in Sec-
tion 3.4.1) by measuring the losses of each optical component used. The losses are as
follows: (i) waveguide losses: arp =0.15dBem ™! and ary =0.2dBem ™1, (ii) pigtailing
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efficiency: nrpcre = 84% and npc,rvm = 80%, (iii) spliced fibre-PBS and isolators trans-
mission: Tppsrr = 75% and Tppsrm = 71%, and (iv) an additional fibre connector
losses of aeonn = 10% (since the fibre components in this source are not spliced together).
TE and TM is considered as the signal and idler photon respectively, same as in the mea-
surement with the first source. The maximum raw heralding efficiency for each photon
is estimated using 7]?%‘3 = Twg,s/i " Trc,sji - Tps,si - Teonn- We obtain ncele = 54% and
nf“lc = 48% as the maximum classically-estimated raw heralding efficiency for the signal
and idler photon.

The measured detector-corrected heralding efficiency, n¢%” has an error of roughly
4 % due to fibre connector and splicing errors. We observe that the 'pulsed’ heralding
efficiencies are very close to the classically estimated values, however, 'CW’ measurements
show a reduction of 10 - 13 % in comparison. We speculate that the lowered heralding
efficiency in the ‘CW’ case arises from fluorescence counts being produced due to long
pump pulse durations. To investigate this, we measure the accidental counts within
different detection-coincidence windows: here, 2ns, 5ns and 10 ns for both measurement
types. In a ’pulsed’ pumping mode, when signal and/or idler arms are unfiltered, we
measure a background noise of about 15 %; and when filtered, we measure roughly 5 %
of noise counts. For 'CW’ measurements, we obtain roughly 2 % lower accidental counts
than the ’pulsed’ values when the signal and/or idler arm are unfiltered and filtered.
Preliminary examination of the source shows no conclusive evidence towards the reason
behind the lowered heralding efficiency in ’'CW’ measurements.

Historically, researchers have been comparing source performance irrespective of the
pumping source, i.e. 'CW’- or 'pulsed’- pumping systems. The discrepancies in the two
have never been noted before and hence a thorough study of SPDC generation processes
in both cases should be conducted to confirm and verify this effect.

6.2. Integrated structures

In this work we focus on realising a fully fibre integrated source consisting of a Ti:PPLN
channel waveguide. Here, the waveguide is designed to support the fundamental mode
for SPDC wavelengths; this results in the waveguide guiding at least three optical modes
for the pump. To optimise coupling to single mode fibres and improve source brightness,
waveguide tapers suitable for fundamental mode guiding of the pump wavelength must be
fabricated. These tapers should show adiabaticity in propagation such that there is high
pump mode overlap with the already existing waveguide structures suited for telecom
wavelengths. Preliminary simulations suggest an initial taper width, wigper ~ 3 pm and
taper length, ligper = 10 mm for adiabatic mode expansion of the pump mode to match
a 7 pm waveguide designed for 1550 nm wavelength.

Further integration of our source can be performed by replacing the fibre-PBS that is
used to split the SPDC photons with an integrated PBS structure. These fibre-based
components introduce a loss of &~ 1 dB to the SPDC photons. Since quantum devices are
highly susceptible to losses, we should adopt schemes for on-chip integration of PBSs or
BSs to separate SPDC photons [54-56,224] dependant on the process type. To couple
photons out of the chip, a dual-fibre pigtailing protocol can be developed [224] to obtain
the highest coupling efficiency through both outputs. A further step of scaling-up is

99



60 6. Future work

Vopolarized  Pump filtering H-polarized
~1480 rm < EIM‘ nn ~1630 mm

S3 53 S5 Sy

’\"\\

Type-I1 relecom band S‘I’IJ(
pumpsignalidler

(a) (b)

Lstash

-

Figure 6.1.: (a) Device schematic of an integrated adiabatic waveguide polarisation-mode splitter
for efficient splitting of interacting fields in a type IT SPDC process [56], (b) shows the guiding
paths for the v- (L) and h- (R) polarised and pump (C) wavelengths.

possible by integrating WDM couplers to remove the pump as shown in Figure 6.2. By
minimising the number of interfaces and optimising each element, we can significantly
reduce the losses, thereby improving the quantum efficiency of the final device.

poled area

pump

pump
PBS reflector

Figure 6.2.: Device schematic for dual fibre pigtail attached to the output end-facet of the chip
to collect signal and idler photons after separation [224].

6.3. Cold temperature devices

One of the most advantageous properties of Ti:PPLN waveguides is its frequency tun-
ability by accessing different phasematching conditions by varying temperatures. This
is possible due to the temperature-dependent refractive index change expressed by the
Sellmeier Equations [65,66] for TE and TM polarisations. The measured SHG peak wave-
lengths by temperature tuning is plotted in Figure 6.3 (a). We estimate a —0.14nm °C~!
shift in our source between 20°C and 70°C; the temperature tuning is limited by the
TEC element used and the stability of the UV curing glue (NOAS81) used for pigtailing.
The resultant SPDC phasematched wavelengths are shown in Figure 6.3 (b).

The device operation at these temperatures are well-established, however investigations
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Figure 6.3.: (a) Type II SHG phasematched wavelength tunability with respect to temperature
of a Ti:PPLN waveguide, (b) shift in the degenerate SPDC wavelength of our source estimated
from the temperature tunability measured from SHG

on source performance at cryogenic temperatures have only recently begun [225-227] .
Since high efficiency detectors like SNSPDs and transition-edge sensors (TESs) operate
at superconducting temperatures, integrated source-detector chips for low-power optical
processing units must be built at these temperatures. One of the main challenges reported
is the lowering of detector performance on chip-integration with respect to detection
efficiency and polarisation sensitivity. Major investigations are being conducted on the
detector material and design structure to improve these metrics of an on-chip detector.
Smirnov et al [228] reported the highest detection efficiency so far of 6 % for NbN SNSPD-
LN chips. Hopker et al [227] demonstrated the fabrication and measurement outcomes of
tungsten (W) TESs on titanium indiffused LN waveguides. Here, a fully-integrated chip
was constructed by having the input and output of a waveguide pigtailed using standard
telecom fibres. A maximum detection efficiency of 0.8 % was reported for W TES-Ti:LN
waveguide detector.
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Chapter 7

Conclusion

Following the increasing demand of stable, efficient, and reliable quantum devices for
quantum-information applications, we experimentally demonstrate an efficient picosec-
ond heralded single-photon source via type-II SPDC in Ti:PPLN waveguides. The
Ti:PPLN waveguide was designed to generate telecom SPDC photons using a 780 nm
pump input. The source is fully integrated with commercially available fibre compo-
nents: fibre-PBS for photon separation, DWDM filter for spectral filtering and C-band
isolators for pump suppression. The combined unit was packaged with an aluminium
housing to ensure device protection and ease of usage.

The optimal properties of the Ti:PPLN waveguide was modelled using RSoft FemSIM
package to produce low-loss waveguides in the TE and TM polarisations and maximal
waveguide to fibre coupling. The titanium strip width and thickness, and indiffusion con-
ditions applied to the software resembled the fabrication procedure used in the cleanroom.
The poling period required for the afore-mentioned process was calculated using energy
and momentum conservation laws, and Sellmeier Equations for temperature-dependent
bulk LN refractive indices. The estimate poling period of A ~ 9pum was fabricated on
chip with small variations to adjust for the waveguide-induced refractive index change.
The losses and nonlinear conversions of the waveguides were tested to determine the best
waveguide for pigtailing.

For maximal transmission and suppression of the SPDC and pump photons respec-
tively, anti- and high-reflective coatings were then deposited at the end-face of the waveg-
uide chip. The chip showed a transmission of 95 % for telecom wavelengths and a 22 dB
suppression for pump wavelengths with respect to air. Since the coatings were designed
for optimal transmission of light from waveguide to fibre, the measured output char-
acteristics are a slight under-estimation of the tailored design. The best waveguide
was then pigtailed at the input and output end facet to show a pump coupling effi-
ciency of Npymp > 30% and a 1550nm coupling efficiency of nrp = 83.8 + 1.8% and
nrym = 75.74+1.6% for TE and TM polarisations. The source has shown stable operation
since the year 2016.

Quantum characterisation of the source was performed with different configurations
to indicate the best schematic for the single photon operation. The measured detector-
corrected heralding efficiency of the idler arm 7f" = 54.4 &+ 3.3% showed the best
performance, solely limited by the losses of the fibre-optical components. For further
improvement of the heralding efficiency, structures like PBSs and/or WDM couplers
need to be integrated on chip to reduce interface losses. The joint spectral intensity of
different source configurations were measured to determine the photon bandwidth and

62



63 7. Conclusion

single-photon coherence time. The duration of the photon wavepacket was estimated
to be 75 = 5.8 £ 0.3 ps, thereby confirming the long coherence time of the generated
photons. Furthermore, the spectral purity and multi-photon contributions were measured
using Glauber’s correlation functions. The highest spectral purity of P = 0.91 was
obtained when the idler photon was filtered, but at the cost of lowered brightness. When
the signal arm was filtered, we measured a brightness of P = 0.66. The contributions
from multi-photon pair emissions were low in both these configurations. The Hong-Ou-
Mandel interference measurement revealed a visibility of ¥V = 0.67 4 0.05 which proves
the quantumness of our source. The two-photon correlation time of 7, = 5.4 + 0.4 ps
was measured using the FWHM of the HOM dip. The effects of spectral filtering on
pair-symmetric heralding efficiency and spectral purity is also investigated. Our results
suggest that filtering is not the best solution to obtain high heralding efficiencies of
photon pairs and only broadband filters should be used for noise reduction. Instead of
spectral filtering, optimal cavity structures, time-frequency filtering or optimised source
engineering techniques should be used generate spectrally decorrelated states.

Finally, we discuss the future outlook of this work. Probing measurements with CW
and pulsed pumping systems revealed a 10 — 13% lower heralding efficiency with a CW
pump. This was confirmed by a second fibre-pigtailed source with the same characteris-
tics as the first. The accidental counts due to fluorescence and other parasitic effects in
both pumping measurements revealed no useful information to explain this discrepancy
in the heralding efficiency. We also discuss further integration of components like PBSs,
WDM couplers and single photon detectors on chip.
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Chapter 8

Introduction

Over the past few decades, the world has seen an increasing need for computational
and information processing power to help solve complex problems in the fields of science
and technology [229-242], data security [5,16,17,36,243-247] and even, economics [248,
249]. Conventional computers has been an ingenious device which so far has played a
leading role in every application known to man. Unfortunately, present-day computers
are classical systems that are heavily restricted by its physical specifications [250,251].
This implies that physical systems rely on their hardware architecture (for e.g. computer
processors) for information processing. This introduces serious obstacles as the speed of
such systems are limited by the

— energy required to process data - large amounts of data requires high processing
power, which causes severe heating of hardware and hence, increases costs for
additional hardware for cooling [252,253]

— the number of degrees of freedom possessed by the particle, also known as particle
dimensionality, used for data transfer - electrons used in present-day devices are
binary states, therefore complex algorithms has to process copious quantities of
data which increases the processing time significantly. [254-256]

A variety of technologies - most recent and successful of them being integrated circuits
[257-259], have come push the boundaries of Moore’s law [260] which has enabled massive
processing rates otherwise deemed to be impossible. Despite this gross progress, at some
point classical computers will become obsolete.

Quantum mechanics has long been predicted to be the solution to realise tasks con-
sidered to be hard with classical approaches. Major advances have been made in vari-
ous areas of research like communication [229,261-263], cryptography [17,246,264, 265]
and simulation [230-232, 235, 238, 266], thereby proving the indispensability of quan-
tum technologies. Primary candidates used for encoding quantum information are pho-
tons [267-272], electron or nuclear spins [273-279], superconducting circuits [280, 281],
solid-state devices [282-284] etc. Unlike classical bits (i.e. 0 and 1), quantum bits
or qubits include 0, 1 and all coherent superpositions of the two, thereby theoretically
increasing the dimensionality of the encoded particle to near infinity.

The challenge in using quantum states lies in the ability to:

i. manipulate these different dimensions in particles
ii. route the encoded data through an inert medium
iii. decode it with high accuracy.
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66 8. Introduction

i. has been implemented in physical systems by accessing different degrees of freedom of
particles to encode and decode qubits. Table 8.1 shows a list of a few major particles and
their possible encoding methods. Each encoding method offers advantages/drawbacks

Particle Degree of freedom Encoding
Number 0 / 1 photons
N Horizontal / Vertical
Polarisation

Diagonal / Anti-diagonal
Photons Spectral or temporal Time-of-flight

Multiple optical modes
on / off x, y co-ordinates
Orbital angular momentum Left / Right

Spatial

Spin up / down
Electrons Charge 0 / 1 electrons
Atoms Spin up / down

Table 8.1.: A list of a few particles whose degrees of freedom can be accessed to encode infor-
mation.

and must be carefully chosen dependant on the application. Multiple degrees of free-
dom can also be used to create hybrid platforms for encoding data that results in the
generation of very high-dimensional states for information processing but at the cost of
increased complexity in decoding protocols.

With regards to ii., photonic states present several advantages over other platforms as
mentioned in Chapter 1. It has been demonstrated that on increasing the dimensionality
of single photons, larger amounts of data can be encoded into the state, which can reduce
the particle requirement significantly [285]. Consequently, high-dimensional photonic
states represent important information resources. As for iii., the apparatus required to
extract information from the carrier particle will depend on the degree of freedom and
type of encoding used. In this work, we use two methods - direct measurement technique
or raster-scan and compressive sensing (CS), to decode spatial degree of freedom and
a time-of-flight spectrometer [182, 183] to discretise the spectral degree of freedom of
photonic states.

Organisation of Part B: Chapter 9 reviews the fundamental knowledge on signal
processing tools described in this thesis. The advantages and drawbacks of the raster-
scan and compressive methods are briefly explained. Using these methods, SPDC modes
are reconstructed in Chapter 10 in the spatial and spectral domains. The dimensionality
and fidelity of the reconstructed states are presented. The correlations between the
spatio-spectral modes are also demonstrated here. Chapter 11 provides a conclusion of
our results and the possible future impact.
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Chapter 9

Basics

Signal processing (or image reconstruction) is a broad field with a variety of problems
ranging from resolution-related effects resulting in blurry images to low-light exposures
that causes noise. Here, we discuss the raster-scan and compressive sensing methods for
image reconstruction.

9.1. Direct measurement or raster-scan

Raster-scanning method is a technique for reconstructing an image by sweeping the
imaging sensor in a line-by-line manner, equivalent to a data mapping scheme between
one and two dimensional spaces. In this method, scans are carried out on the entire area
of the imaging sensor generally from left to right while progressing from top to bottom
as shown in Figure 9.1. Raster-scanning is the underlying mechanism behind most of

Col 1Col 2 e Col 10

Row 1 — =

Row 2 —

- = Pixel
ﬂﬂ~~~*ﬂﬂ~ Scan line
- | Return line

Row 10 =

Imaging sensor

Figure 9.1.: Process of data mapping through raster-scanning method: Here, the imaging sensor
consists of 10 x 10 pixel array. The image projected on the sensor is retrieved by measuring the
output from individual pixels. This method collects data pixel-by-pixel from a single row; on
reaching the last pixel on the sensor, the scan line is returned to the first pixel of the consecutive
row. This action is performed until all pixels are scanned on the sensor array.

today’s display and video devices as it is a simple method which produces high quality
images. The refresh rate of this technique is independent on the information contained in
the image and hence this is the best method to project complex images. Unfortunately,
for large data applications, the processing speed is quite low and the memory required
for data storage is very high.
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68 9. Basics

9.2. Compressive sensing

Compressive sensing is a measurement technique that was first introduced by Candes
et al [286] and Donoho [287] by developing a mathematical approximation for signal
processing. The key idea behind this method is to recover signals which are either sparse

Wavelet
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Figure 9.2.: The original image (left) and its wavelet transform coefficients in random order
(right).

or compressible. Sparsity expresses the notion that most signals contain information that
may be represented with only a few significant elements rather than the total composition
of the signal. A suitable example is shown in Figure 9.2 [288]. Although nearly all pixels
have non-zero coefficients, it is evident that only few coefficients (large peaks in Figure
9.2 (right)) capture most of the information.

Information present in such sparse sets of data was conventionally acquired by sampling
using the Nyquist-Shannon theorem which essentially set a minimal limit on the sam-
pling rate (number of samples per second) to acquire reliable signal reconstructions [289)].
Regrettably, this method proved to be too tedious since the number of samples required
were significantly higher than the relevant information contained within the signal. The
compressive sensing method solved this problem by computing only the necessary co-
efficients for all samples and recovering signals by retaining only large coefficients that
contained information. A comparison between the Nyquist sampling method and com-
pressive sensing is shown in Figure 9.3 [290].

Theory

The theory behind CS can be mathematically described as follows: Consider a sparse
input signal z where x € R™ with a signal length of n. The number of measurements
m, where m < n, is the sampling rate of the reconstruction process. The size of m is
dependent on the sparsity of the input signal. The data acquisition and reconstruction
model used in CS is well demonstrated in [290] (as shown in Figure 9.4). Firstly, the
input signal x interacts with a sensing matrix ¢ with length m x n to produce an m-
dimensional measurement matrix gy,

y =y (9.1)
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Input Signal Output Measurements
ey __ng_% Nyquist Sampling ——»| Compression
X | yim]
(a)

. | Output Measurements
Input Signal | Random Sampling |
P! 9 > pling

X() (Sub-Nyquist) yim]

(b)
Figure 9.3.: (a) The Nyquist sampling model and (b) compressive sampling technique [290].

and x can be reconstructed using
z=¢ly

Figure 9.4 [290] shows the process used for image reconstruction using CS. Since CS
requires small sampling rates and uses only relevant information in the measurement
data, the reconstruction algorithm only produces an approximation of the true image.
This means, the recovery step produces only a sparsifying basis (1) of the signal = given
by

n
T = Z st = Vs
i=1
where s € R™ is the sparse coefficient of length n. To reconstruct the signal, CS uses
a minimisation technique (¢1- norm) to select the sparsest signal (§) that is consistent
with all the measurements. This optimisation is carried out by the total variation of
augmented Lagrangian alternating direction algorithm (TVAL3) [291]. Thus the solution
is:
§ = argmin ||s||1
S

where ||s||1 is the £1- norm of s, representing the absolute sum of elements of the vector.
Through CS, the original signal x can not be determined since it has an infinite number
of possible solutions.

SPDC state reconstruction using CS: Down conversion processes result in the
generation of photons that are correlated in various degrees of freedom. In this work, we
investigate the advantages offered by CS technique in reconstructing photonic features
in the spatial and spectral degrees of freedom. The photon pairs generated through an
SPDC process can be described using these features as shown in Equation 9.2.

D, Dj
0) =) fulw) lw); @D sjlag), ), (9.2)
w=1 j=1
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Input signal
x[n] 1
Matrix Compressive
Multiplier > measurements —> Store/Transmit
— y[m]
Random matrix
@
(a)
Compressive
measurements
ylm]
cs Sparse Approxi- Inverse
Reconstructioni—>' -+, &  —>Transformation
- Algorithm ?[n]
Reconstruction — -
matrix
0=y
(b)

Figure 9.4.: CS acquisition [290] (a) and reconstruction (b) model.

where f,, and s; is the probability of finding a signal (idler) photon in a given frequency
mode |w) ;) and spatial (in this work, ”pixel” states) mode |z;) s(s) respectively.

Experimentally, as shown in Section 10.1, we use a series of sensing matrices (projected
on a DMD) given by A to probe interesting features of our SPDC state (here, the spatial
and spectral degrees of freedom). The measured state, |¢) is given by

1) = A|0) = Zwa\w ), [w); ®Zos]|x] ), l25), (9.3)

The spectral operator 7" uses the time of arrival (can be obtained from a time-of-flight
spectrometer, similar to the one used in Section 4.3) to map the spectral components
of SPDC photons. The spatial operator O uses the pixel basis of the DMD to map the
spatial profiles of the photon pairs. D describes the dimensionality of the frequency
(w) and spatial () bins. Since we use only 'm’ number of measurements to successfully
reconstruct our SPDC photons, Equation 9.3 reduces to

Dy D;
®) = ; fi [t) [t); ® 2:1 ZI: Om,lsj \z1) |21); - (9.4)
- iz

where [ represents a pixel index.
We can re-write this equation in the form & = Svy as described in Equation 9.1. The
full representation is shown in Equation 9.5.

o1 A A ... AN P1
®2 Ag1 Asp ... Agn (0

I o . . (9.5)
oM Avg Am2 .. Aun/) \¥n
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71 9. Basics

The input state ¥ can be obtained by inverting Equation 9.5. Since we use only a
fraction of the total number of measurements, we reconstruct an approximation of the
target state W, given by ¥ using TVAL3 optimisation techniques [291]. This algorithm
performs a minimisation of the following quantity

; Byas &
ming: Y ||VU[lp, + 5[ A® — ¥]7,. (9:6)
l

and produces an approximate reconstruction of the input state. At pixel location xy,
the gradient of ¥ is given by VW;. The regularisation term, u can be optimised to
account for our measurement conditions [291]. The solution of Equation 9.7 produces
the approximate state |¥’) through CS.
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Chapter 10

SPDC mode reconstruction

Single photons act as excellent carriers of information since they are intrinsically robust
against noise and decoherence and can be transmitted over large distances without being
affected by environmental conditions. Information can be encoded in various degrees of
freedom of a photon, for e.g. spatial distribution, polarisation, frequency etc. and can be
decoded using specific quantum decryption algorithms. In this work, we use raster scan
and compressive sensing techniques to extract information that is present in its spatial
and spectral degrees of freedom.

10.1. Spatial reconstruction of SPDC states

The spatial distribution of the SPDC optical modes can be mapped out by using the
setup shown in Figure 10.1. The signal and idler photons exiting from the source is
projected on to a digital micromirror device (DMD) prior to separation by the PBS.
The DMD in-use is an array of discrete, individually controllable micromirrors, with a
maximum device resolution of 1024 x 768 pixels. Each micromirror acts as a 'pixel’ that
can be turned on and off by switching between two tilted states. In our case, the "on”
state corresponds to an arrangement where all the incoming light is reflected back into
the optical path of the setup, while the ”off” state directs light out of the setup. We used
two methods - a) direct measurement technique and b) compressive sensing method to
reconstruct the spatial modes of our light source.

In either of the methods, once the light is reflected from the DMD, it starts to disperse.
In order to minimise the losses induced by the DMD, we inserted a folded 4-f imaging
system that re-collimated the beam. The transmission efficiency of the 4-f system was
roughly 10%. Both photons were then passed through a PBS, split based on their
polarisation and then coupled into standard single mode telecom (SMF28) fibres which
were then connected to SNSPDs.

Source of single photons

Heralded single photons were generated from a type II SPDC process in two types of
sources:

I Source I: a periodically poled potassium titanyl phosphate (PPKTP) bulk crystal
with a length of L &= 8 mm and a poling period of A ~ 46 pm.
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73 10. SPDC mode reconstruction

IT Source II: a periodically poled potassium titanyl phosphate (PPKTP) crystal con-
sisting of Rubidium exchanged waveguides with a length of L ~ 8 mm and a poling
period of A ~ 46.1 pm. [292].

The sources were designed to produce degenerate photons in the telecom regime (\g; ~
1570nm) at room temperature.

Basic setup

Sensing
matrices k

Ti:Saph laser =

SiPD .S ectral

: maM
: Mirrors
z st

A Idler

:SMEF28 ﬁber

To computer

Figure 10.1.: Experimental setup for spatial reconstruction of SPDC photons. For spectral
information along with the spatial properties, long fibres are introduced prior to the SNSPDs; to
separate the photons based on their time-of-arrival.

The experimental setup for the generation and detection of single photons is displayed
in Figure 10.1. It is similar to the setup shown in Figure 4.1 (a) except that all optical
components in this arrangement were aligned in freespace. The source is pumped at half
the degeneracy wavelength of the SPDC process (Apump =785nm) using a Ti:Sapphire
laser. The pump is mode-locked to produce picosecond pulses with a pulse width of
approximately 2ps. The repetition rate of the pulses is fixed to 3.64 MHz by using a
pulse-picker to the 76 MHz pump source. A beam splitter (BS) is used in the optical line
to separate out a few percent of the pump power and is detected by a silicon photodiode
(Si PD), which was used as a trigger for the SPDC photon detection.

A half-wave plate (HWP) is used to manipulate the input polarisation to the photon
pair source in order to ensure maximum efficiency. The light is coupled then into the
source, which produces orthogonally polarised signal and idler photons that are split using
a polarising beam splitter (PBS). Low jitter SNSPDs with a detection efficiency of 85%
are used for the detection of the generated photons [109]. Both SNSPDs and the trigger
photodiode (Si PD) is connected to a fast time-tagging module (TTM), Hydraharp, to
record the counts in each arm. Source I is designed to show high heralding efficiencies,
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nsi > 80% for the each of the SPDC photons, however, at the cost of low generation
rates. On the other hand, Source II shows high brightness, but 7, ; of only 20%.

10.1.1. Spatial mode reconstruction using the direct measurement
technique

The most common method to map optical spatial modes is by using the direct measure-
ment technique. This measurement technique uses a pixel-by-pixel scanning routine to
measure the mode distributions of the incoming photons. Essentially this means, that
during any instance of the measurement time only one pixel is "on” and all the others are
turned ”off” as shown in Figure 9.1. The light reflected from this single pixel is detected
using our SNSPDs and recorded. Then the consecutive pixel is turned ”on” and the rest
are switched off, the reflected counts get recorded and the same process is repeated until
all pixels are individually switched "on” and "off”. Using the collected intensities, the
spatial distributions of any source can be reconstructed. In SPDC-based sources such as
ours, the raster-scan method can provide information on the spatial correlations between
the photons [293].
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Figure 10.2.: Spatial reconstruction of the signal mode using (a) super-pixel size = 64 pixels
and DMD area = 256 x256 pixels, (b) super-pixel size = 32 pixels and DMD area = 256 x256
pixels, (c¢) super-pixel size = 16 pixels and DMD area = 128 x128 pixels and (d) super-pixel size
= 8 pixels and DMD area = 64 x64 pixels.

Due to the large DMD area and high integration times per pixel, the direct measure-
ment technique can become extremely tedious and time consuming. In order to minimise
the effort on these measurements, we scan the entire DMD area by turning on pixel clus-
ters (”super-pixels”), i.e. more than one pixel, at a time and measuring the counts
reflected by these mirrors. In our case, we choose super-pixel sizes consisting of 64, 32,
16 and 8 pixels. The measurement time in all cases was t;,; = 3s.
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The reconstruction of the signal and idler photons using the above-mentioned (stan-
dard) technique yielded poor reconstruction results due to high noise counts and hence
we modified the pixel-by-pixel scan slightly. Instead of turning only one (super)pixel on
and the others off, we used the opposite setting; meaning, we turned one (super)pixel
off and the others on. The idea behind this setting was a speculation that in a noisy
environment, it would be easier to see a dark (super)pixel amidst a surrounding of white
pixels as opposed to the previous configuration.

The spatial mode reconstructions for Source I using this technique and the afore-
mentioned super-pixel sizes are shown in Figure 10.2. On decreasing the super-pixel sizes,
the measured DMD area was also decreased in order to compensate for the increasing
measuring time and create a zoomed-in reconstruction of the photon spatial mode. By
decreasing the super-pixel sizes further, i.e. < 4, the image reconstruction began to show
a poor contrast between the illuminated and dark regions of the DMD. To decrease the
noise on the measured intensity profiles, the integration time was increased to t;,; > 16s.
Unfortunately, an improvement in the reconstructed image was not observed despite the
long measurement times. This heavily limits the application of the raster-scan method as
an effective tool to image SPDC modes and study correlations between the two photons.

10.1.2. Spatial mode reconstruction using compressive sensing

In this work, we use compressive sensing (CS) as an alternate method to characterise the
spatial modes of SPDC photons. Similar to the raster-scan method, the SPDC modes
are projected onto the DMD and the reflected intensity profiles are mapped onto the
SNSPDs. However, unlike the raster-scan method which uses "on” and ”off” pixels for
mode reconstruction, in CS we use a series of random pixel patterns on the DMD.

The DMD is controlled as follows: Each pixel on the DMD can be turned ”on” or
7off”, where the "on” state allows the light to propagate in to the optical setup, while
the 7off” state reflects light away. Sensing matrices, constructed by randomly turning
each of these pixels ”on” or ”off”, are used to probe the spatial features of the photons
as shown in Figure 10.1. Each measurement gathers small pieces of information about
the spatial distributions, and by solving Equation 9.7 through TVAL3 algorithm [291],
we can estimate an approximation of the spatial mode profiles of the SPDC photons.

A series of sensing matrices are projected onto the DMD which interacts with the
incoming light from the photon source. In each pattern, the ratio between the ”on” and
7off” pixels are always maintained to be 0.5. We pre-select the location of the spatial
modes by maximising the counts on the SNSPDs. An area of N = 64 x64 = 4096 DMD
pixels is chosen as the active area for each sensing matrix, of which N/2 = 2048 pixels
are turned “on”. Due to a large number of ”on” pixels when compared to the raster-
scan method, high photon counts are obtained on the detectors thereby requiring an
integration time of only t;,; = 1s per pattern.

The number of sensing matrices can be varied dependent on the level of detail we wish
to obtain from the measured signal. The maximum number of sensing matrices that can
be used is given by the area of the sensing region, which is equal to the pixel-by-pixel
raster-scan with a super-pixel size equal to one. The sampling ratio (SR) is defined as

number of projected sensing matrices
active DMD area

SR = x 100 % (10.1)
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Spatial mode reconstruction using CS: Source |

Firstly, we performed a spatial mapping of the signal and idler modes emitted from
Source I (refer Section 10). The reconstructed spatial distributions with sampling ratios,
SR = 20 %, 50 %, 100 % are shown in Figure 10.3. The average detected photon rate
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Figure 10.3.: Signal (top) and idler (bottom) spatial profiles of Source I with sampling ratios,
SR =20 %, 50 % and 100 % (left to right). The sensing matrix contains N = 64 x 64 = 4096

elements.

was about 6000 counts per second. A slight elongation was seen in the reconstructed
beams due to aberrations from multiple optical components utilised for collimation along
the propagation length of the SPDC modes.

Next, we determined the dimensionality of the reconstructed spatial modes of the
generated SPDC states. We used the pixels on the DMD to discretise the spatial degree
of freedom of SPDC photons. In this work, we estimated the spatial dimensionality
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Figure 10.4.: Joint spatial distribution of the signal and idler modes of Source I in the pixel
basis.
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by assessing only the illuminated region on the DMD rather than the entire surface of

76
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our measurement device given by the matrix A. By using the 1 /e? diameter of the
spatial mode of the quantum state, we determined the spatial dimensionality of each
reconstructed mode [294]. Thus, the dimensionality of the signal (s) and idler (i) states
were estimated to be Ny = 47 x 60 = 2820 and N; = 45 x 53 = 2385 spatial bins
respectively. The joint spatial distribution, which is a measure of photon correlations, of
the signal and idler photons was reconstructed by mapping out the measured coincidences
between the two. The reconstruction is shown in Figure 10.4. The dimensionality of the
joint spatial probability distribution was estimated to be Njsp = Ny x A = 6.7 x 10°.

From Figure 10.3, it was observed that the main features of the photon states were
retrieved using just 20 % of the measurements and beyond this sampling ratio, only a
slight improvement was seen in the reconstructed modes. However, in order to quantify
the accuracy of the measurements, we estimated the fidelity of our reconstructions as a
function of sampling ratio (SR =5 %, 10 %, 15 %,..., 100 %.). The highest accuracy is
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Figure 10.5.: The fidelity of the reconstructed state of Source I as a function of number of
measurements.

observed in a full measurement scan that represents a sampling ratio of 100 %. Hence,
SR =100 % was taken as the target state (1)r). The accuracy of the spatial reconstruc-
tion was estimated by calculating the fidelity (see Figure 10.5) of the retrieved states
(vr) as a function of sampling ratio. This was defined as F = |(1r|¢r)|?. The error on
the fidelity in Figure 10.5 was determined using Monte-Carlo simulations on a sample
size of (100 signal x 100 idler) matrices, generated using a Poissonian error distribution
on the detected signal and idler counts. Figure 10.5 clearly shows that on increasing the
sampling ratios of the measurement, there is no significant improvement in the fidelity
of the reconstructed state.

Spatial mode reconstruction using CS: Source |l

Using the information obtained from the spatial mapping of Source I, we use a sampling
ratio of SR = 20 % for the reconstruction of Source II (refer Section 10). Being a
waveguide source, the photon generation rate is significantly higher when compared to
the bulk source (Source I). The average number of accumulated counts per frame for the
signal and idler mode is 545172 and 543326 respectively. The spatial reconstruction of
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the signal and idler photons of Source II is shown in Figure 10.6 (a), (b), and their joint
spectral distribution is shown in Figure 10.6 (¢). The measured signal-to-noise ratios
are 27.1 and 18.5 for the signal and idler modes respectively. The time required for the

reconstruction of each spatial profile was about 1s.
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Figure 10.6.: Reconstructed spatial profiles of signal (a), idler (b) and the coincidences between
them, also known as the joint spatial distribution, (c), using a sampling ratio, SR = 20 %. The
sensing area consists a pixel array of N = 64 x 64 = 4096 elements.

A slight displacement was observed in the reconstructed modes along the vertical axis.
This arises from the imperfect polishing along the end-face of the waveguide. As a result,
the signal and idler photons experience different effective refractive indices that causes a
small spatial displacement between them (See Figure 10.6 (a), (b)).

The dimensionality of the signal (s) and idler (i) states of Source II were determined
using the same technique as mentioned above. They were estimated to be N = 40 x 40
and N; = 43 x 43 spatial bins respectively. The dimensionality of the joint spatial
probability distribution was estimated to be Njgp = Ny x N = 2.96 x 10°.

10.2. Spatio-spectral mode reconstruction of SPDC states

Apart from the spatial degree of freedom, the spectral properties of SPDC photons can
also be exploited for data encoding. To access this information, the photons are separated
on the basis of their wavelength using the same technique as Section 4.3. A fibre-based-
time-of-flight spectrometer [182,183] consisting of long single mode (SMF28) fibres were
incorporated into the setup, prior to detection, to characterise the spectral features of
the source. SMF28 fibres have low losses, thereby resulting in a higher transmission
medium for the measurement when compared to dispersive fibres mentioned in Section
4.3. After propagation, the time of arrival of each photon was accurately recorded with
a fast time tagging module (Hydraharp) and high efficiency, low jitter SNSPDs. Using
our measurement setup, large quantities of data stored in single photons can be decoded
in the spatial and spectral degrees of freedom simultaneously [295-300].

Resolution of the time-of-flight spectrometer

The spectral resolution of the spectrometer is an important factor as it determines the
dimensionality of the photon state that can be accessed by our measurement technique.
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In this case, the spectral resolution depends on the dispersion introduced by the propa-
gation medium (SMF28 fibres) and the detection jitter on the SNSPDs. The fibres have
a dispersion of 17psnm~'km~!. The detection jitter was determined by injecting a
source with a line-width bandwidth, and measuring the width of the time-of-flight curve.
We tested eight SNSPDs and measured a detection jitter ranging from 100 ps to 150 ps.
In order to obtain the best possible results from this technique, we chose two SNSPDs
that showed the lowest jitter time and highest detection efficiency (n4er =~ 80%). The
detection jitter and spectral resolution of the measurement apparatus is listed in Table
10.1.

SOURCE SPDC photon Fibres SNSPD jitter Resolution
Length Dispersion
(km) (En) (ps) (nm)
Source 1 Signal 25 110 43 2.6
Idler 5 140 85 1.6
Signal 10 120 170 0.7
Source II Tdler 10 120 170 0.7

Table 10.1.: Detector jitter and spectral resolution of the measurement apparatus used for
spatio-spectral reconstruction of SPDC states.

Spatial and spectral reconstruction of Source |

Firstly, we performed a spectral mapping of the signal and idler photons of Source I
using a time-of-flight spectrometer shown in Figure 10.1. The fibre length, dispersion
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Figure 10.7.: Joint photon time-of-flight (left) and marginal spectra (right) of signal and idler.

and detection jitter of the measurement is as shown in Table 10.1. Due to a higher
jitter on the idler detector, the idler photon was transmitted through a longer fibre
to compensate for the decreased spectral resolution but at the cost of increased losses.
The transmission of the fibres used in the signal and idler arm were 90 % and 79 %
respectively.

The joint arrival time of the SPDC photons is shown in Figure 10.7 (left). The
marginals were estimated by taking the transfer function of the arrival time of the down-
converted photons (See Figure 10.7 (right)). The spectral 1/e? bandwidth of the signal
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Figure 10.8.: Spatial reconstruction of the signal photons for each spectral bin using a sampling

ratio of 45 % on a 64 x 64 pixel array. Number of successfully reconstructed spectral bins for the
signal photons are Sy = 12.

and idler photons measured were 40 nm and 32nm respectively with their degeneracy
point at twice the wavelength of the pump photons.
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Figure 10.9.: Spatial reconstruction of the idler photons for each spectral bin using a sampling

ratio of 45 % on a 64 x 64 pixel array. Number of successfully reconstructed spectral bins for the
idler photons are S; = 11.

Next, the spatio-spectral features were reconstructed by resolving spatial profiles of
the photon pairs with respect to their spectrum. Due to the low photon count rate of
bulk sources, we used a sampling ratio of 45% for this measurement. Figure 10.8 - 10.9
shows the spatio-spectral features of our source on the same DMD area, N = 64 x 64
pixels. Due to losses introduced by the fibre delay lines and low external brightness of the
bulk source, a higher integration time of ¢ = 15s was used. The signal (s) and idler (i)
fields delivered S; = 12 and S; = 11 successful spectrally-resolved spatial reconstructions
respectively, where S is the number of spectral bins. The lower spectral dimensionality
on the idler photon arises from the higher losses incurred from using longer fibres for
spectral decomposition.

The dimensionality of the quantum state was estimated from the product of the spatial
and the spectral bins given by Dy = N, x S; = 33840 for the signal photon and D; =
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N; x 8; = 26235 for the idler photon.

Spatial and spectral reconstruction of Source Il

The time-of-flight spectrometer specifications used to characterise Source II is shown
in Table 10.1. The fibre transmission of the signal and idler arms were measured to
be 63 % and 64 % respectively. The joint arrival time of the photons are shown in
Figure 10.10 (a) and the estimated marginal spectrum is plotted in Figure 10.10 (b).
The primary phasematching peak was at 1570 nm showing a spectral 1/e? bandwidth of
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Figure 10.10.: (a) Joint photon arrival time and (b) full marginal spectra of signal and idler
photons.

26 nm and 43 nm for the measured signal and idler photons respectively. The spectral
peaks at shorter wavelengths arises from a slightly multi-mode pump spectrum which
can be easily filtered out by the use of bandpass filters in the setup or post-processing
on the collected data.

The spatio-spectral reconstruction of Source II was performed using a sampling ratio
of 20 %. First, we characterised the noise peaks at lower wavelengths, A\s ~ 1414 nm and
A; = 1515 nm. Due to higher mode excitations of the pump field within the waveguide,
parasitic SPDC processes can be triggered [301]. We speculate that the sharp peak at
As =1414nm is generated due to this and can be easily suppressed by using broadband
spectral filters or by post-processing. On the other hand, we conclude that the broader
peak at A\; =1515nm is caused by optical Cherenkov radiation that is phase-matched in
our waveguide [302]. This arises when short pump pulses induce a nonlinear polarisation
in an electro-optic medium (here, PPKTP waveguide) that radiates in a Cherenkov-like
cone along the propagation direction of the pump pulse [303]. We study these parasitic
modes by performing spatial reconstructions of the signal and idler mode within this
wavelength range. Figure 10.11 (b) and (c) shows the outcome of these reconstructions
at A &~ 1414nm and \; = 1515nm, and at an intermediate wavelength to demonstrate
the trend in the signal and idler profiles.

A slight distortion in the reconstructed modes shown in Figure 10.11 (b) and (c) is
attributed to lateral chromatic aberration [304] induced by the collimation lens used in
our experiment. Due to the large spectral range used in our investigation, the size of
the spatial modes increases due to varying refractive indices experienced by different
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Figure 10.11.: (a) Full marginal spectra of signal and idler photons with phase matching peak
at 1570 nm, (inset) shows a zoomed depiction of the phasematched peak; noise peaks are marked
at Ag & 1414nm and A\; =~ 1515nm and an intermediate wavelength at A ; ~ 1465nm and the
reconstructed spatial profiles for signal (b) and idler (¢) photons at the chosen wavelengths.

wavelength components in the marginal spectrum. This can be corrected by the use of
digital filters during post-processing as demonstrated in Reference [305].
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Figure 10.12.: Spatial reconstruction of the signal photons for a few spectral bins using a
sampling ratio of 20 % on a 64 x 64 pixel array. Number of successfully reconstructed spectral bins

are Ss = 60, of which ten spatial profiles each are reconstructed at an interval of é\ = (3.44+0.2)
nm.

In the next step, we looked more closely at the primary phasematching peak of the
source. The measurement setup had the ability to spectrally resolve changes of the
order of A ~ 0.7nm (see Table 10.1), which was also experimentally verified from the
wavelength difference between two consecutive spectral bins plotted in Figure 10.11 (a).
This allows us to define high-dimensional states for the signal and idler photons with a
dimension of §; = 54 and §; = 60 respectively. In Figure 10.12 - 10.13 we show a few
reconstructions within the primary peak of the photon pairs performed with a sampling
ratio equal to 20 %. The dimensionality (D) of the measured quantum state in the spatio-
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Figure 10.13.: Spatial reconstruction of the idler photons for a few spectral bins using a sampling
ratio of 20 % on a 64 x 64 pixel array. Number of successfully reconstructed spectral bins are
S; = 54, of which ten spatial profiles each are reconstructed at an interval of 6\ = (3.440.2) nm.

spectral domain was estimated to be Dy); = N /; x S si- In this way, the spatio-spectral
dimensionality of the signal and idler photons were determined to be Dy = 40 x 40 x 54
and D; = 43 x 43 x 60 respectively. Hence, the joint spatio-spectral distribution (JSSD) of
the reconstructed states was estimated to be Dygsp = Ds x D; = 11.98 x 10° dimensions.
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Figure 10.14.: The reconstruction of the joint spatio-spectral intensity distributions are plotted
using a sampling ratio of 20 % on a 64 x 64 pixel array. Each frame shows a spatial reconstruction
that is integrated from data obtained from 15 (left) and 25 (right) spectral bins.

Joint spectral intensity distributions are shown in Figure 10.14. This reconstruction
was performed by measuring the coincidences between the signal and idler photons and
plotting them against their spectral range obtained from the time-of-flight spectrometers.
As opposed to Figure 10.7, here we reconstruct spatial profiles by resolving the entire
phasematching spectrum in to 15 bins (See Figure 10.14 (left)). Each frame is a spatial
reconstruction of the total measured coincidences within each spectral bin in a 64 x 64
pixel array. In order to obtain sufficient number of coincidences, each pattern on the
sensing matrix was exposed to the photon beams for 4s. Using the same measurement
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data, we also spatially reconstructed a 25 x 25 spectral array on a 64 x 64 sensing array
in Figure 10.14 (right). Despite a lowered coincidence rate per spectral bin, a clear trend
in the joint spectral intensity distribution can be observed.
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Chapter 11

Conclusion

Complex states of light offer the possibility of encoding and processing many bits of
information in a single photon. However, extraction of information from these encoded
states are quite challenging due to technological limitations of quantum protocols. In this
work, we utilise two reconstruction techniques to demonstrate the characterisation of the
spatial and spectral properties of quantum correlated photon pairs produced through a
SPDC process.

The reconstruction process involves the use of a DMD to project the spatial profile of
the object, here, SPDC source. For the spectral discretisation, we use a time-of-flight
spectrometer. Photons generated from PPKTP sources were initially reconstructed using
conventional means of image reconstruction, i.e. raster-scan technique. This method
collects information by switching on a single pixel at a time and integrating over the
entire area. The outcomes were extremely noisy; and despite the drastic increment
in integration times, the reconstruction results were poor. This limitation reduces the
applicability of this method in quantum and low-light applications.

Then, we utilise CS to demonstrate a proof-of-principle characterisation of quantum
correlated photon pairs. This technique extracts chunks of information by projecting
random sensing matrices on the DMD. The integration time and the number of measure-
ments required for successful reconstructions were significantly lower than the Nyquist
limit. We were able to generate spatial mode reconstructions with an accuracy of > 75%
with just 20 % measurements. The spatial mode dimensionality of signal and idler pho-
tons were estimated from the 1/e? diameter from the reconstructions. The signal and
idler had a dimensionality of 47 x 60 pixels and 45 x 53 pixels for the bulk PPKTP source;
and the waveguide source showed a dimensionality of 40 x 40 pixels and 43 x 43 pixels re-
spectively. The joint spatial probability distribution of both photons consisted of nearly
seven- and three- million dimensions for the bulk and waveguided source. The spectral
features were measured using long single-mode fibres that had a resolution of 0.7nm. The
properties of the main phasematching peak as well as the parasitic peaks were recon-
structed and studied. The bulk source showed a joint spatio-spectral dimensionality of
0.89 billion, more than one order of magnitude lower than that of the waveguide source,
due to significantly lesser brightness in terms of photon generation.

Despite the complexity of the photonic state, CS was able to reconstruct states with
billions of dimensions with just a fraction of the acquisition time and sampling rate
required by conventional means. The dramatic reduction in the time required to charac-
terise SPDC sources makes our technique a powerful diagnosis tool for complex quantum
photonic states.
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